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Abstract!! Amoebiasis! is! the! thirdSmost! common! cause! of! mortality! worldwide! from! a!disease! borne! of! a! parasitic! infection.! It! affects! up! to! 50!million! people! annually,! of!which!40,000!to!100,000!cases!are!fatal.!Entamoeba*histolytica!is!an!obligate!protozoon!parasite!of!humans!and!is!the!aetiological!agent!of!the!disease.!Recent!suggestions!that!other! members! of! the! Entamoeba! genus! are! humanSinfective,! and! potentially!pathogenic,!have!been!investigated!here.!A!draft!assembly!and!annotation!of!the!25!Mb!genome!of!E.*moshkovskii!strain!Laredo!is!presented,!to!which!multiple!E.*moshkovskii!strains!were!mapped.!The!E.*moshkovskii!genome!was!found!to!be!approximately!200!times!more!variable!than!that!of!E.*histolytica.!Performance!of!the!fourShaplotype!test!revealed!that!genetic!recombination!does!not!seem!to!occur!in!E.*moshkovskii.!As!such,!it! is! suggested! that! it!be! referred! to!as!a! ‘species! complex’,! rather! than!an! individual!species.! A! comparative! genomic! analysis! of! E.* histolytica! HMS1:IMSS,! E.* moshkovskii!Laredo,! E.* invadens! IPS1! and! the! avirulent! E.* dispar* SAW760! was! performed.!Subsequent! comparative! analyses! against! members! of! genera! representative! of! the!diversity!in!the!Unikonts!clade!enabled!the!identification!of!orthologous!gene!families!unique!to!the!Entamoeba!genus.!Analysis!of!virulence!factors!within!this!set!revealed!that!gene!families!involved!in!adhesion!of!amoebic!trophozoites!to!host!cells!play!a!key!role!in!the!development!of!invasive!amoebiasis.!The!Gal/GalNAc!lectins!and!members!of! the! BspA! family! are! of! particular! interest,! being! present! in! all! analysed! species,!except!for!E.*dispar.!The!presence!of!these!key!families,!plus!cysteine!proteases,!in!the!
E.*moshkovskii!genome!suggests!that!some!sequence!types!within!this!species!complex!may!be!pathogenic.!E.*invadens!was!found!to!possess!larger!numbers!of!more!variable!genes! within! many! virulence! factor! families,! including! the! BspA! family! and! the!Gal/GalNAc! lectins.! This! suggests! that! sequence! diversity! facilitates! E.* invadens’!polyxenous! lifestyle.! Finally,! a! novel! species! recently! isolated! from! a! human! faecal!sample!S!E.*bangladeshi,!strain!8237!–!was!sequenced.!Its!genome!was!assembled!using!multiple! de* novo! genome! assemblers! and! coding! sequences! were! assembled!individually.! A! combination! of! all! methods! tested! was! found! to! be! beneficial! in!maximising! the! number! of! gene! sequences! assembled,! which! is! advised! as! good!practice!in!future!similar!assemblies.!The!phylogeny!of!E.*bangladeshi,!achieved!using!the!combined!assemblies’!outputs!suggested!that!the!novel!species!is!humanSinfective.!The!work!presented!here!utilised!modern!comparative!genomic!techniques!to!improve!understanding! of! Entamoeba! species,! their! capacity! for! causing! disease! and! their!potential!impact!upon!the!epidemiology!of!amoebiasis.!!
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Chapter!One!–!Introduction!
!
1.1!Amoebiasis!and!Entamoeba)histolytica!
! Amoebiasis! is! the! thirdSmost! common! cause! of! mortality! worldwide! from! a!disease! borne! of! a! parasitic! infection.! It! affects! up! to! 50!million! people! annually,! of!which! 40,000! to! 100,000! cases! are! fatal! [1].! The! species! defined! as! the! aetiological!agent! of! amoebiasis! in! humans! is! the! obligate! parasite! Entamoeba* histolytica.! The!
Entamoeba!genus!is,!however,!relatively!poorly!understood.!In!recent!years,!questions!have! been! raised! over! the! contributions! made! by! other! species! within! the! genus!towards!the!disease’s!prevalence![2S4].!In!this!thesis,!genomic!analyses!have!been!used!to! study!members! of! the! genus! in! a! bid! to! improve! understanding! of! their! roles! as!causative!agents!and!proliferators!of!amoebiasis,!as!well!as!the!genes!that!pathogenic!
Entamoeba!species!and!strains!require!to!cause!the!disease.!!
1.1.1!Symptoms!and!prevalence!of!amoebiasis!!
E.* histolytica! is! transmitted! between! human! hosts! by! a! faecalSoral! route.! As!such,! it! is! particularly! prevalent! in! areas! of! poor! hygiene! where! wastewater! and!drinking!or!bathing!water!are!not!kept!separate.!Two!such!regions!in!which!amoebiasis!is! known! to!be!endemic!are! the!Mirpur! slums! in!Dhaka,!Bangladesh!and!Hué!City! in!Vietnam,!as!will!be!discussed!in!greater!detail! in!Section!1.2.!Cases!of!amoebiasis!are!also! seen! in! more! affluent! countries,! however.! Travellers! returning! from! endemic!regions! are! at! heightened! risk,! as! are! people! who! engage! in! oral! or! anal! sex,! most!commonly! homosexual! men! [5,! 6].! Outbreaks! have! also! been! documented! in!institutionalised! individuals! in! Japan! and! the! Philippines,! where! occurrences! of!infections! with! E.* histolytica! are! increasing! [7,! 8].! Furthermore,! accidental!contamination! of! municipal! water! supplies! can! result! in! outbreaks! of! E.* histolytica!infections!as!happened!in!1998!in!the!Republic!of!Georgia![9],!highlighting!the!dangers!of!contaminated!water!supplies.!! The!clinical!manifestations!of!E.*histolytica! infections!range! in!severity,!as!not!all! cases! progress! to! a! disease! state.! Asymptomatic! infections!make! up! over! 90%!of!cases,! although! precise! numbers! are! difficult! to! ascertain! for! reasons! explained! in!Section!1.4![1].!The!majority!of!hosts!that!develop!symptomatic!infections!experience!abdominal! pains! and! dysentery! as! the! parasites! are! contained! within! the! intestinal!
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tract.!However,!in!relatively!rare!cases,!the!disease!can!progress!to!an!extraSintestinal!disease!state,!most!commonly!resulting!in!fatal!amoebic!liver!abscesses!(ALA)![1,!10].!The!reasons!for!these!symptoms!can!best!be!explained!by!studying!the!life!cycle!of!the!parasite.!!
1.1.2!Life!cycle!of!Entamoeba)histolytica)
!
! E.*histolytica!has!a!twoSstage!life!cycle!(Figure!1.1.1;![10]).!In!the!environment!it!exists!as!infective!quadrinucleate!cysts!before!being!ingested!by!a!human!host.!Upon!reaching! the! ileum,! the! amoebae! undergo! excystation,! developing! into! potentially!pathogenic! trophozoites.! In! this! form,! the! parasites! can! inhabit! the! intestine!asymptomatically! as! allochthonous! members! of! the! gastrointestinal! tract! flora! [11],!phagocytosing!enteric!bacteria!as!a!source!of!nutrients![12]!and!multiplying!by!binary!fission.!Invasive!amoebiasis!occurs!when!the!trophozoites!instead!degrade!the!mucosal!layer!of! the! lumen!epithelium!before!attaching!to,!and! invading,! the!epithelium!itself.!This! causes! characteristic! flaskSshaped!ulcers! (Figure!1.1.2)! and! inflammation!of! the!intestinal!wall,! leading! to! a! loss! of! absorptive! function,! and!dysenteric! symptoms.! In!either! eventuality,! some! trophozoites!will! subsequently! encyst! and! pass! out! in! host!faeces!into!the!environment,!completing!the!life!cycle.!!! ExtraSintestinal! infections! can! occur! when! trophozoites! degrading! the!intestinal! wall! enter! the! bloodstream! and! are! disseminated! to! other! organs,! most!commonly!the!liver.!Fatal!ALAs!develop!as!a!result!of!trophozoites!inducing!apoptosis!in!hepatic!immune!cells,!releasing!lytic!enzymes.!The!enzymes!lyse!parenchymal!cells!and!the!resulting!necrotic!foci!often!coalesce,!forming!abscesses,!destroying!the!liver’s!ability!to!function![13].!Many!undefined!or!unexplained!factors!contribute!towards!the!extent!and!severity!of! infections,! including!the!strain!or!cell! line!of!the!infective!cells,!with! some! capable! of! inducing! a!more! virulent! infection! than! others! [14,! 15].! These!differences!are!caused,!or!indicated,!by!genomic!polymorphisms![16,!17].!!!
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!
Figure! 1.1.1.! The! life! cycle! of! Entamoeba) histolytica.! The! three! broadly! defined!routes!an!infection!can!take!in!a!human!host!are! labelled! ‘A’,! ’B’!and! ‘C’.!Stages!of!the!life! cycle! common! to! all! three! types! of! infection! are! labelled! in! chronological! order!!!!!!!(1S5).!Image!provided!courtesy!of!the!US!Centers!for!Disease!Control!and!Prevention.!!
!
Figure!1.1.2.!FlaskIshaped!ulcer! in! intestinal!mucosa,! characteristic!of!amoebic!
colitis.!Image!provided!courtesy!of!the!US!Centers!for!Disease!Control!and!Prevention.!
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1.1.3!Drugs!available!for!treatment!of!amoebiasis!! Whilst! prevention! is! better! than! cure,! the! transmission! route!of!E.* histolytica!makes!the!former!near!impossible!in!certain!regions!of!the!world.!There!is!a!range!of!amoebicides!currently!in!use!to!treat!infections!and!a!number!of!regimens!by!which!to!administer! them.! For! patients! with! asymptomatic! amoebiasis! or! mild,! nonSinvasive!intestinal!amoebiasis,!the!drug!iodoquinol!is!the!most!effective!treatment.!It!can!also!be!used! in! conjunction! with! other! treatments! in! more! severe! infections.! Iodoquinol! is!effective! against! trophozoites! and! cysts,! acting! at! the! point! of! infection! in! the! large!intestine,!but!by!a!poorly!defined!mechanism![18].!Where!iodoquinol!is!unavailable!or!ineffective,!an!alternative!is!diloxanide!furoate.!Acting!via!an!unknown!mechanism,!this!drug! is! used! as! a! supplement! to! others! in! treating! asymptomatic! infections! or! nonSinvasive!intestinal!amoebiasis![18,!19].!! Metronidazole! is! the! most! effective! treatment! against! invasive! and! extraSintestinal! amoebiasis.!When! followed!by!a! luminal! amoebicide! such!as! iodoquinol!or!diloxanide! furoate,! complete! clearance! of! an! infection! is! highly! probable.!Recommended!dosages!and!regimens!for!the!5’Snitroimidazole!antibiotic!vary!between!sources!and!severity!of!infection.!The!World!Health!Organisation!advises!a!regimen!of!10!mg/kg! three! times!a!day! for!8S10!days! [20].!However,! for!critically! ill!adults!with!extensive!ALAs,!regimens!of!500!mg!(intravenously)!or!800!mg!(orally)!three!times!a!day! for! 5! –! 10! days! have! been! recommended.! Critically! ill! children! can! be! given! 50!mg/kg!every!day!for!10!days,!orally![21].!!! In!extreme!cases,!where!metronidazole! treatment!has!been! ineffective,!other,!potentially!dangerous,!drugs!might!be!prescribed.!Paramomycin!is!an!orally!delivered!aminoglycoside!amoebicide!effective!in!treating!intestinal!amoebiasis![22]!and!patients!in!comas!resulting!from!liver!damage.!However,!it!is!ineffective!against!extraSintestinal!amoebae!themselves,!and!it!has!many!serious!side!effects![18].!The!final!alternative!is!dehydroemetine.! Owing! to! its! toxicity! and! the! fact! that! it! is! an! irritant! when! taken!orally,! it! is! delivered! by! injections! directly! into! muscle! tissue.! It! inhibits! protein!synthesis,! but! can! have! serious! complications! in! sufferers! of! cardiac! issues.!Chloroquine!and!needle!aspiration!of!abscesses!are!also!recommended!in!such!extreme!cases![18,!20].!
!
!
! 5!
1.2!Epidemiology!of!Entamoeba)histolytica!in!disease!foci!! As!mentioned! in!Section!1.1.1,!cases!of!amoebiasis!are!predominantly!seen! in!areas! of! developing! countries! with! particularly! poor! levels! of! hygiene.! Two! notable!regions! of! interest! include! the! slums! of! Dhaka,! Bangladesh! and! a! densely! populated!area!of!Hué,!Vietnam.!Large!bodies!of!research!have!been!carried!out!in!recent!years!in!both!regions!in!a!bid!to!understand!the!causes!and!dynamics!of!amoebiasis,!generating!some!important!results.!!
1.2.1!Mirpur!thana!of!Dhaka,!Bangladesh!!! Spearheaded!by!Dr!William!Petri!Jr’s!team!at!the!University!of!Virginia!and!Dr!Rashidul! Haque’s! team! at! the! International! Centre! for! Diarrhoeal! Disease! Research!(ICDDR),!research!into!amoebiasis! in!the!Mirpur!slum!of!Dhaka!has!been!ongoing!for!over! two! decades! [3,! 4,! 16,! 23S27].! One! of! the! earliest! studies! from! the! group!demonstrated!genetic!diversity!within!the!endemic!region!by!studying!the!serineSrich!
Entamoeba* histolytica! protein! (SREHP)! in! children! [16].! More! specifically,! they!identified! polymorphisms! between! amoebae! isolated! from! intestines! and! those!isolated! from! extraSintestinal! sites,! implying! that! there! is! a! genetic! cause! to! the!development!of!ALAs.!A!separate!series!of! studies! investigated! the!Gal/GalNAc! lectin!heavy! subunit! in! E.* histolytica! [23,! 24,! 27].! Their! findings! identified! sequence!conservation! in! the! subunit’s! carbohydrate! recognition! domain! (CRD)! against!which!IgA! antibody! responses!were! directed.! This! naturally! acquired,! but! incomplete,! host!immunity!reduced!colonisation!of! the! intestine!by!E.*histolytica,! identifying! the! lectin!subunit!as!a!potential!vaccine!target.!!! Two! other! important! papers! have! focused! on! the! littleSstudied! Entamoeba*
moshkovskii.! One! studied! the! prevalence! of! E.* moshkovskii! in! a! group! of! children,!producing! evidence! to! suggest! that! the! species! was! humanSinfective,! contradicting!existing! beliefs! [3].! In! the! second! study,! mice! intraScaecally! infected! with! E.*
moshkovskii! trophozoites! were! found! to! suffer! from! amoebiasis,! whilst! children!experiencing! diarrhoea! tested! positive! for! infection! by! E.* moshkovskii! [4].! Taken!together,!these!results!strongly!implied!that!E.*moshkovskii!is!not!only!humanSinfective!but!also!pathogenic.!Genomic!analyses!aiming!to!corroborate!or!refute!these!theories!make!up!large!proportions!of!Chapters!Two!and!Three!of!this!thesis.!Finally,!one!of!the!most!noteworthy!findings!to!come!from!the!Bangladeshi!team!in!recent!years!was!the!
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discovery! of! a! novel! humanSinfective! Entamoeba! species! –! Entamoeba* bangladeshi![26].! The! genetic! analysis! of! this! species! forms! the! basis! of! the! third! and! final! data!chapter!of!this!thesis.!!
1.2.2!Hué,!Vietnam!
! Hué! is! the! third! largest! city! in! Vietnam,! with! a! population! of! approximately!300,000.! High! rates! of! invasive! amoebiasis! cases* have! been! diagnosed! in! the!surrounding!province!Thua!Thien!Hué,!with!a!record!21!cases!per!100,000!inhabitants!per! annum! diagnosed! with! ALAs! between! 1990! and! 1998! [28].! A! series! of!collaborations!between!Prof!Egbert!Tannich’s! research! group! at! the!Bernhard!Nocht!Institute!for!Tropical!Medicine!and!the!University!of!Hué!has!investigated!the!cause!of!this! high! rate! of! infection! [29].! They! found! that!male! adults!were! at! greatest! risk! of!suffering! from! ALAs,! and! that! the! number! of! extraSintestinal! amoebiasis! cases!increased!during!the!summer!season!and!in!more!densely!populated!areas.!However,!greater! infection! rates! overall! were! seen! in! females,! and! poor! access! to! hygiene!facilities!and!education!increased!the!risk!of!infection![28].!This!supported,!to!a!degree,!previous! findings! that! males! were! more! susceptible! to! development! of! invasive!amoebiasis!than!females,!despite!similar!incidences!of!asymptomatic!infections![30].!!These! results! suggest! that!host! factors!play!an! important! role! in!defining! the!course! of! an! infection,! with! the! initiation! of! invasive! or! extraSintestinal! disease! not!being!exclusively!determined!by!the!parasite.!This!was!subsequently!corroborated!by!findings! suggesting! that,! in! mice,! a! small! number! of! host! genes! determined! host!resistance! to! invasive! amoebiasis!when! challenged! by! pathogenic!E.* histolytica! [31].!Furthermore,!a!15!month!longitudinal!study!carried!out!by!the!group!revealed!that!the!endemicity!in!the!Thua!Thien!Hué!province!was!a!result!of!reinfection,!supporting!the!findings!from!a!longitudinal!study!in!Bangladesh![23].!Taken!together,!the!results!from!Vietnam! highlight! the! socioSeconomic! factors! that! need! to! be! accounted! for! when!treating!amoebiasis.!!!!!!!
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1.3!Other!Entamoeba!species!important!to!research!into!amoebiasis!!
1.3.1!Entamoeba)dispar)
! For!decades,!E.*histolytica!was!thought!to!be!the!only!humanSinfective!member!of! the! genus.! However,! the! low! rate! of! invasive! amoebiasis! observed! remained!unexplained.!We!know!now!that!this!was!caused,!in!part,!by!the!existence!of!a!second,!nonSinvasive,! member! of! the! Entamoeba! genus! S! Entamoeba* dispar* [2].!Morphologically!identical!to!E.*histolytica,!and!closely!related!(Figure!1.3.1),!E.*dispar*is!infective!to!humans,!but!is!thought!to!be!avirulent![2,!32],!despite!liverSderived!clinical!isolates!of!E.*dispar!bringing!its!avirulence!into!question!recently![33].!The!differences!in!virulence!capabilities!seen!between!E.*dispar*and*E.*histolytica!have!been!exploited!by! various! groups! attempting! to! determine! which! proteins! may! enable! virulence!capabilities!in!E.*histolytica!but!not!in!E.*dispar*[34,!35].!Virulence!factors!identified!in!
E.*histolytica!are!discussed!in!detail!in!Section!1.5.!!
1.3.2!Entamoeba)moshkovskii)! A! more! distantly! related! species,! Entamoeba* moshkovskii,! was! originally!thought! to! be! freeSliving! and! therefore! nonSpathogenic! [36S38].! However,! as!with!E.*
dispar,!humanSderived!clinical!isolates!and!cases!of!diarrhoea!directly!associated!with!
E.*moshkovskii*infection,!as!described!above,!have!challenged!this!assumption![3,!4].!So,!too,! has! a! strain! isolated! from!a! snake! in! 1948! (unpublished).! Since! the! latter! study!from! Bangladesh,! the! ability! of! E.* moshkovskii* to! cause! invasive! and! symptomatic!amoebiasis!has!been!of!great!interest.!The!mounting!evidence!is!leading!to!calls!for!the!reSexamination!of!E.*moshkovskii’s!pathogenicity,!a!goal!that!forms!the!basis!of!Chapter!Two,! and! a! significant! proportion! of! Chapter! Three! in! this! thesis.! E.* moshkovskii! is!closely!related!to,!and!morphologically!identical!to,!E.*histolytica!and!E.*dispar!(Figure!1.3.1).! Several! studies! have! attempted! to! design! polymerase! chain! reaction! (PCR)Sbased! methods! of! differentiating! between! the! three! species! in! order! to! improve!accurate!detection!of!the!individual!species![39S43]!and,!in!some!cases,!to!investigate!E.*
moshkovskii’s!ability!to!cause!disease![44].! !!!!
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!!!!!
!!
Figure!1.3.1.!Phylogeny!of!the!Entamoeba!genus,!based!upon!small!subunit!rRNA!
genes.!At!the!time!of!its!original!publication,!species!surrounded!by!dashed!boxes!were!due!to!be!sequenced;!low!coverage!shotgun!sequencing!data!existed!for!those!in!dotted!boxes;!and!fully!sequenced!species!were!in!solid!boxes![45].!!!!!!!
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1.3.3!Entamoeba)invadens!! Despite! its! evolutionary! distance! from! E.* histolytica,! E.* dispar! and! E.*
moshkovskii,! [46],! the! reptileSinfective! Entamoeba* invadens! is! of! great! interest! in!research!into!humanSinfective!species’!life!cycles.!This!is!because!E.*invadens!is!the!only!member! of! the! genus!whose! encystation!has! been! successfully! induced! in* vitro! [47].!Recently,! through! genome! sequencing,! it! was! found! that!E.* invadens! has! an! average!sequence!identity!with!E.*histolytica!of!60%![48].!The!sequencing!of!this!more!distant!species! is! utilised! in! Chapter! Two! when! identifying! sequences! required! by! all!
Entamoeba!species.!!
1.4!The!genomic!structure!of!Entamoeba)histolytica!
!
! The! genome! of!E.* histolytica! strain!HMS1:IMSS!was! sequenced! and! published!for!the!first!time!in!2005![49].!The!collaborative!effort!revealed!a!23.75!Mb!assembly!containing!9,938!gene!models.!The!gene!content!suggested!that!the!parasite!possessed!a! reduced! repertoire! of!metabolic! functions,! but! that! this! had! been!bolstered! by! the!horizontal!gene!transfer!of!at! least!96!genes!from!bacterial!species,!more!than!half!of!which!encoded!metabolic!enzymes,! increasing! the!range!of!carbohydrates!and!amino!acids! that! the! eukaryotic!parasite! could!utilise! [49].! The! assembly!was! subsequently!extensively! described! and! analysed,! providing! structural! and! functional! details!regarding! many! of! the! genes! identified! in! the! original! assembly! [50].! In! 2010,! the!genome!was!reassembled!and!reannotated,!resulting! in!a!shorter!20.80!Mb!assembly!containing! 8,201! gene!models! [51].! The! number! of! genes! has! since! been! increased,!through!manual!annotations,!to!8,306!sequences.!!!! The!E.*histolytica!genome!possesses!a!number!of!interesting!features!that!also!make!it!a!challenge!for!sequencing!and!assembling,! including!its!very!low!GC!content!(24%).! This! prevents! traditional! Sanger! sequencing! from! exploiting! large! clone!libraries![50].!Furthermore,!nextSgeneration!sequencing!platforms!have!been!reported!to!demonstrate!read!coverage!bias,! favouring!balanced!GC!contents!at! the!expense!of!more!extreme!proportions![52S54].!!
!
!
!
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1.4.1!Transposable!elements!and!tRNA!arrays!! Complicating! assemblies! further! is! the! high! repeat! content! of! the! genome.!Approximately!20%!of!the!E.*histolytica!genome!is!comprised!of!transposable!elements!(TEs),!and!repeat!regions!have!been! identified! in!both!E.*dispar!and!E.* invadens! [55].!TEs! are!DNA! sequences! that! can! ‘jump’! from!one! genomic! location! to! another.! They!typically! belong! to! one! of! two! classes.! Class! I! is! comprised! of! retroelements;! that! is,!genetic! material! that! has! been! reverse! transcribed! from! RNA,! duplicated! and!transposed!as!DNA.!Class! II! is!made!up!of! transposons,!elements! that!move!between!loci!rather!than!creating!copies!of!themselves![55,!56].!!Class!I!includes!the!nonSlong!terminal!repeat!(LTR)!retrotransposons!found!in!large!numbers!in!the!E.*histolytica!genome,!namely!the!autonomous!long!interspersed!elements!(LINEs)!and!nonSautonomous!short! interspersed!elements!(SINEs)! [55,!57].!LINEs! encode! the! genetic! machinery! required! to! copy! themselves,! whilst! SINEs! are!dependent!upon!making!use!of! the!LINEs’! abilities,! being!unable! to! copy! themselves![57,!58].!These!elements,!and!other!such!repeat!regions,!can!affect!genome!sequencing!and!gene!annotation!as! their! repetitive!nature!makes!discerning!one!genomic! region!from! another! difficult! in! some! cases.! If,! for! example,! a! gene! lies! between! identical!repeat! regions,! assemblers! may! stack! up! reads! containing! the! repeats! under! the!assumption! that! they! represent! the! same! locus.!Without! both! of! its! flanking! regions!included! in! the! assembly,! reads! containing! the! gene! could! then! be! omitted! from! the!assembly![55,!59S61].!!Repeat! regions! are! not,! however,! simply! ‘junk’! DNA! that! interferes! with!genome! assemblies! –! they! can! have! both! structural! and! functional! roles! within! the!genome.!Depending!on!where! they! insert! into! a! genome,!LINEs!and!SINEs! can!affect!gene! expression! by! interrupting! or! inserting! promotor! regions! or! splice! sites! [57].!Additionally,!it!appears!that!Entamoeba!species!possess!large!numbers!of!subtelomeric!tRNA!genes,!arranged!in!tandem!arrays![62,!63].!Indeed,!over!10%!of!the!E.*histolytica!genome! consists! of! approximately! 4,500! tRNA! genes! clustered! into! 25! arrays,! with!variable!short!tandem!repeats!(STRs)!separating!the!genes!from!one!another![49,!62].!
E.* dispar*possesses! similarly! complex! arrays,! albeit! containing!different! repeat!units,!whilst! the! tRNA!genes! in!other!Entamoeba*species!appear! to!be!separated!by!simple!tandem! duplications! [63].! The! function! of! these! arrays! is! unconfirmed! but! it! is!suspected!that!they!play!a!role!in!nuclear!protein!binding![62].!!
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1.4.2!Karyotype!and!chromosome!structure!! Although! it! is! suspected! that! the! tRNA! arrays! described! above! are!subtelomeric,! this!has! yet! to!be! confirmed.!This! is!because! the!ploidy,! as!well! as! the!chromosome! number! and! mass! of! DNA! per! cell,! has! not! yet! been! confirmed! for! E.*
histolytica! [64].! Some! groups! believe! the! species! to! be! diploid! [65],! whilst! others!believe!it!to!be!tetraploid![64].!The!ploidies!of!the!other!Entamoeba!species!featured!in!this!project!have!not!been!investigated!to!date!so!are!not!known!either.! It! is!possible!that! the! disparities! between! results! from! E.* histolytica! studies! are! artefacts! of! the!different! technologies! used! to! test! the! ploidy! of! the! species;! however,! the! species’!ploidy!also!appears!to!differ!in!varying!growth!conditions!and!life!cycle!stages![66,!67].!!This!uncertainty,!combined!with!the!fact!that!Entamoeba!chromosomes!do!not!condense,!makes!it!difficult!to!discern!chromosomes!from!one!another!and!means!that!the!karyotype!of!E.*histolytica!has!not!been!conclusively!determined!either! [49].! It! is!suspected! that! the! majority! of! the! species’! genomic! content! is! divided! across! 14!chromosomes! [64,!65],!with!at! least!20%!of! the! content! existing! in! separate! circular!sections! of! DNA.!Whilst! chromosome! lengths! vary! between! strains,! possibly! due! to!regional! duplications! [68,! 69],! the!plasmidSlike!DNA!molecules! vary! in! size! but! have!been! found! in! all!Entamoeba! species! in!which! they!have!been! looked! for! [69].! Their!presence!across!the!genus!and!the!fact!that!the!ribosomal!RNA!genes!of!E.*histolytica!are! contained! within! one! of! these! plasmids! suggest! that! these! molecules! play!important!roles!that!are!yet!to!be!defined![62,!69].!!
1.5!Virulence!factors!involved!in!development!of!amoebiasis!! As! stated! in!Section!1.2,! it! is! thought! that!a! combination!of!parasite!and!host!genes!play!roles!in!determining!whether!E.*histolytica!infections!develop!into!invasive,!symptomatic!cases.!Although! the!mechanisms!and!combinations!of!proteins! involved!are! still! relatively! poorly! understood,! much! progress! has! been! made! in! identifying!putative! virulence! factors! in! E.* histolytica! [70S72].! In! this! section,! major! virulence!factor! families! will! be! discussed! with! regards! to! their! roles! in! the! progression! of!invasive! amoebiasis,! as! well! as! their! interactions! with! the! host! immune! response!(Figure!1.5.1).!This!will!inform!as!to!the!actions!of!the!gene!families!of!greatest!interest!as!indicators!of!pathogenicity!in!Chapter!Two!of!this!thesis.!
!
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1.5.1!Degradation!of!intestinal!mucosal!layer!
!
! Whilst!the!molecular!triggers!that!set!E.*histolytica!off!down!a!pathogenic!route!are!unknown,!one!of!the!first!major!families!involved!in!causing!invasive!amoebiasis!is!relatively!well!described.!To! invade! the! intestinal!epithelium,! trophozoites!must! first!degrade!and!cross!the!mucosal!layer!that!covers!and!protects!it.!To!this!end,!a!group!of!enzymes!called!cysteine!proteases!are!secreted.!The!cysteine!proteases!are!a!group!of!at! least!50!endopeptidases,!36!of!which! form!three!major!clades! S! ‘A’,! ‘B’!and! ‘C’! [50,!73].! Whilst,! collectively,! the! cysteine! proteases! are! regarded! as! virulence! factors,!evidence!suggests!that!approximately!90%!of!E.*histolytica’s!cysteine!proteaseSderived!proteolytic!activity! is!provided!by! just! three!proteins!–!EhCPSA1,!EhCPSA2!and!EhCPSA5! [74S77].! EhCPSA5! is! of! particular! interest! as! no! orthologue! exists! in! the! nonSpathogenic!E.*dispar![78].!In!concert!with!amoebic!glycosidases,!an!undefined!number!of!cysteine!proteases!degrade!the!MUC2!polymers!that!constitute!much!of!the!mucosal!layer![79,!80].!!
!
1.5.2!Adherence!to,!and!cytolysis!of,!host!epithelial!cells!
!
! Trophozoites!employ!surfaceSbound!proteins!to!bind!to!host!mucins!and,!once!they! have! degraded! the! mucosal! layer,! epithelial! cells.! Two! major! proteins! are! the!Gal/GalNAc! lectin! and! the! Entamoeba* histolytica! serineS,! threonineS,! and! isoleucineSrich!protein!(EhSTIRP).!The!Gal/GalNAc!lectin!is!a!heterodimer,!comprising!a!170!kDa!heavy! subunit! and! a! 35! kDa! light! subunit,! associated! with! a! 150! kDa! intermediate!subunit,! as! described! in! a! detailed! overview! of! the! lectin! [81].! The! lectin! binds! to!galactose! and! NSacetylSDSgalactosamine! on! host! cell! membranes.! Without! it,! E.*
histolytica’s!ability!to!adhere!to!host!cells!is!significantly!diminished,!as!is!its!cytotoxic!impact!upon!the!host!cells,! leading!to!the!understanding!that!the!cytokine!cascade!by!which! E.* histolytica* degrades! host! cells! is! contactSdependent! [10,! 82S85].!Downregulation! of! the! EhSTIRPSencoding! gene,! which! is! expressed! exclusively! in!virulent! strains! of! E.* histolytica,* was! also! linked! to! a! reduction! in! adherence! and!cytotoxicity!in!Chinese!hamster!ovary!cells![86],!implying!that!both!proteins!play!a!key!role!in!amoebiasis.!
!
!
!
!
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1.5.3!Subversion!of!host!immune!responses!!! E.* histolytica! employs! a! large! number! of! proteins! in! evading! host! immune!responses! to! its! assault.! The! surface! protein! lipopeptidophosphoglycan! (LPPG)! sets!into!motion! a! series! of! cellular! and!molecular! interactions! that! require! a! number! of!surfaceSbound!proteins!to!defend!the!invading!trophozoite.!LPPG!is!recognised!by!the!host!proteins!TollSlike!receptors!2!and!4!(TLR2/4)![87,!88].!This!stimulates!the!release!of!multiple!signalling!molecules,!including!the!chemoattractant!tumour!necrosis!factor!alpha! (TNFSα)! [72,! 88],! which! attract! macrophages! and! neutrophils! to! the! site! of!invasion.!The!immune!cells!subsequently!attack!the!trophozoites!by!releasing!reactive!oxygen! species! (ROS),! requiring! the! action! of! a! group! of! amoebic! proteins.! A!superoxide! dismutase! (SOD),! a! NADPH:flavin! oxidoreductase! and! a! peroxiredoxin!work!in!sequence!to!convert!the!ROS!into!water,!via!hydrogen!peroxide!(Figure!1.5.1;![89S92]).! An! iron! hydrogenase! also! plays! an! undefined! role! in! protection! against!oxidative! stress! [93,! 94].! This! challenge,! induced! by! the! trophozoites! themselves,! is!thus! met! with! strong! resistance! by! the! E.* histolytica! cells.! Such! protection! is! not,!however,!afforded!to!the!enterocytes!around!the!invading!trophozoites.!These!cells!are!lysed! during! the! immune! response,! allowing! faster! progress! for! the! Entamoeba!through!the!intestinal!mucosa![70].!!
1.5.4!Avoidance!of!host!immune!response!!! In! addition! to! these! defences,! E.* histolytica! is! able! to! employ! a! number! of!proteins! to! defend! itself! against! its! host’s! immune! system.! Firstly,! amoebic! cysteine!proteases!cleave!the!secreted!immunoglobulin!IgA![95,!96].!IgA!antibodies!are!thought!to! play! a! number! of! roles! in! defending! host! cells! against! invasive! trophozoites,!including!reducing!adhesion!of!trophozoites!to!host!cells![97].!As!such,!destruction!of!IgA! allows! the! amoebae! to! bind! to! host! cells,! triggering! the! destructive! immune!response! described! in! Section! 1.5.3.! E.* histolytica! also! has! a! unique! strategy! that! it!applies! to! those! antibodies! that! do! successfully! bind! to! its! surface! antigens.! The!trophozoites!make!use!of! a!process! termed! ‘capping!and! shedding’,!whereby! surface!antigens! to! which! host! antibodies! have! bound! are! relocated,! through! plasma!membrane! folding,! to! appendices! at! the! posteriors! of! the! amoebae,! called! the! uroid,!and! sloughed! off,! temporarily! concealing! the! invading! pathogen! from! view! of! the!immune! system! (Figure! 1.5.1;! [72,! 98S100]).! These! two!methods! of! immune! system!evasion!contrast!drastically!with!the!above!descriptions!of!how!E.*histolytica!uses!the!
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immune!system!against!its!host.!They!demonstrate!the!wide!range!of!abilities!that!have!allowed!E.*histolytica!to!effectively!parasitise!human!hosts!and!become!a!prolific!health!problem.!
!
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1.6$Genome$sequencing$strategies$$
$
1.6.1$Illumina$sequencing$technology$!During!this!project,!I!have!made!use!of!sequenced!datasets!generated!using!all!three! major! second! generation! sequencing! technologies! –! Illumina,! 454!pyrosequencing! and! SOLiD.! The! genome! sequencing! carried! out! was,! however,!performed! exclusively! using! Illumina! technology! [101,! 102].! Extensive! comparisons!and!reviews!of!the!available!sequencing!technologies!and!platforms,!including!the!Ion!Torrent,! already! exist! [103M107],! however! it! is! helpful! to! understand! the! process! by!which!reads!have!been!generated!in!this!project.!!!In! order! to! generate! a! genomic! library! for! Illumina! sequencing,! short! DNA!sequences!(~500!bp)!are!generated!by!mechanical!shearing,!before!universal!primers,!called! adaptors,! are! ligated! to! either! end! of! these! fragments.! These! in# vitro! cloned!fragments! are! then! bound! to! the! channels! of! a! flow! cell! amidst! oligonucleotides!complementary! to! the!adaptor!sequences!at! the!unbound!ends!of! the! fragments.!The!adaptors! bind! to! matching! sequences! in! the! oligonucleotide! field! forming! bridges!consisting!of!single!strands!of!DNA!paired!at!one!end!with!incomplete!complementary!strands.!Passing!nucleotides!and!polymerase!enzymes!across!the!flow!cell!then!results!in!double!stranded!sequences!as!the!incomplete!strand!is!extended!in!a!process!called!‘bridge! amplification’! [102,! 103].! The! bridges! are! subsequently! denatured! and! the!amplification! process! is! repeated,! resulting! in! clusters! of! DNA! reads,! sequencing! of!which!will!be!detectable!in!the!next!step.!!Illumina!platforms!employ!a!‘sequencing!by!synthesis’!technique,!which!makes!use! of! a! fourMcolour! cyclic! reversible! termination! (CRT)!method,!when! reading! DNA!libraries! [102,! 103,! 105].! Over! multiple! cycles,! four! different! fluorescently! labelled!individual!nucleotides,! each! containing! a! removable! terminator!molecule,! are!passed!over! the! densely! populated! flow! cell! in! the! presence! of! a! polymerase.! During! each!cycle,!the!nucleotides!will!be!incorporated!into!a!growing!oligonucleotide!chain!only!if!they!are!the!next!base! in!the!complementary!sequence.!When!bound,! laser!excitation!allows! detection! of! different! fluorescent! colours! by! a! chargeMcoupled! device! (CCD)!camera.! The! combined! fluorescent! signal! from! a! cluster! provides! a! detectable! signal!that!allows!the!sequencer!to!deduce!which!base!was!added!at!each!position!in!the!read.!After!the!nucleotides!have!been!detected,!the!terminators!are!cleaved!from!the!newly!
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added!nucleotides!and! the!next! cycle! is!performed.!These! reads! can! then!be!entered!into!genome!assemblies,!which!often!take!the!form!of!de#novo!assemblies,!as!featured!in!Chapter!Three!of!this!thesis.!!
1.6.2$Challenges$of$de#novo#assemblies$!The! average! cost! of! genome! sequencing! has! fallen! at! a! rate! far! beyond!most!people’s!reckoning!in!the!past!decade,!exceeding!the!longMaccepted!rate!of!Moore’s!Law!(Figure!1.6.1)![108].!Whilst!this!exponential!drop,!afforded!by!the!introduction!of!ever!cheaper!sequencing!technologies![103,!105,!109],!appears!to!be!levelling!out![110],!the!advances!made!have!left!researchers!with!a!tremendous!amount!of!sequencing!data!to!analyse.! Unfortunately,! even! in! uncontaminated! DNA! samples,! de# novo! genomic!assembly! is! a! complex! task! with! opinions! on! best! practices! and! the! reliability! of!associated!parameters!subject!to!a!great!deal!of!debate![111,!112].!!!!
!
Figure$1.6.1.$The$falling$cost$of$sequencing$1$Mb$of$DNA$compared$with$the$rate$
that$would$have$occurred$had$the$decrease$followed$Moore’s$Law,$as$expected.!Image!originally!published!by!BioMed!Central![108].!!
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Second! generation! sequencing! technologies! provide! users! with! much! larger!numbers! of! reads! than! could! be! achieved! with! traditional! Sanger! sequencing,! at! a!fraction!of!the!cost![105,!113].!However,!in!the!cases!of!all!but!the!454!technology,!this!has! come! with! the! significant! caveats! that! the! reads! are! considerably! shorter! than!those!output!by!Sanger! technology!and! that!early!platforms!were! less!accurate! [105,!113].! Whilst! the! Pacific! Biosciences! platform! –! the! first! of! a! new! generation! of!sequencers! –! offers! longer! reads! than! even! Sanger! sequencing,! it! is! by! far! the! least!accurate! of! the! technologies! [113]! and! so! requires! specialised! bioinformatics!approaches! to! be! refined! before! it! can! be! used! in! assemblies.! The! short! reads!with!which!de#novo!assemblies!must,!then,!be!performed!present!issues.!Firstly,!as!described!above,! assembling! identical! repeat! regions!or!duplicated! sequences! in! a! genome!will!likely!result!in!the!assembly!of!one!region!with!an!artificially!high!coverage!depth![59M61].!The!short!reads!often!do!not!extend!beyond!repeat!regions!so!assemblers!cannot!differentiate! between! them! based! upon! neighbouring! regions.! Furthermore,!assemblers! will! often! split! multiMexon! genes! across! scaffolds,! particularly! where!introns!contain!duplicate!or!repetitive!sequences,!resulting!in!misleading!gene!counts!and!annotations![60].!!! Despite!these!potential!pitfalls!in!the!de#novo!assembly!process,!there!are!many!benefits! to! the! technique! that,! it! could! be! argued,! outweigh! the! possibility! of!inaccuracies!in!the!assembly.!For!example,!not!being!reliant!upon!an!existing!genome!means!that!an!assembly’s!accuracy!is!not!dependent!upon!a!genome!that!may!or!may!not!be!inaccurate!itself,!having!probably!been!assembled!by!a!de#novo!method.!It!is!also!the!most!effective!way!of!sequencing!novel!species!for!which!mapping!is!not!an!option.!Furthermore,! any! mistakes! will! likely! be! rectified! over! time! as! more! groups! reMsequence!genomes!in!order!to!improve!them.!
$
1.6.3$Current$strategies$for$de#novo$genome$annotations$
$! Confidently! identifying! coding! regions! within! de# novo! assembled! genomes! is!often! a! difficult! process.! Gene! finding! using! genomic! sequences! is,! broadly! speaking,!achieved! by! searching! for! alignments! to! known! orthologous! sequences,! properties!indicative!of!a!gene!sequence,!or!a!combination!thereof![114].!Where!the!genomes!of!closely! related! species! have! been! sequenced! and! annotated,! it! is! possible! to! align!encoded!protein!sequences!to!the!novel!genome,!identifying!likely!sites!of!gene!models.!This!method!forms!the!basis!of!the!oftMused!GeneWise!algorithm![115].!
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Basic!ab#initio!gene!finding!algorithms,!such!as!geneid![116]!and!Genscan![117],!detect! genomic! regions! likely! to! contain! coding! sequences! based! upon! detection! of!both!signals!and!content!properties.!Signals!include!transcription!start!and!termination!sites,!stop!codons,!and!donor!and!acceptor!splice!sites![118].!Compositional!properties!of! coding! sequences! include! those! shared! by! exons,! introns! and! intergenic! regions![114].! Ab# initio! algorithms,! therefore,! are! capable! of! identifying! novel! genes,! unlike!alignment!methods,!which! are! restricted! to! identifying! orthologues.!As! stated! above,!many! programs,! including! Ensembl! [119]! and! AUGUSTUS! [120],! are! now! capable! of!making!use!of!orthologue!alignments!to!inform!ab#initio!predictions,!further!improving!their! accuracy! and! reliability.!The! combination!of! such!data! types! is! seen! in!Chapter!Two,! where! AUGUSTUS! is! used! to! predict! gene! models! in! the! E.# moshkovskii! strain!Laredo.!!! In!spite!of! these!advances!and! improvements! in!gene!prediction,!however,!de#
novo#genome!annotations!often!possess!inflated!gene!counts!as!a!result!of!gene!models!being! fragmented! by! assemblies! and! recorded! as! multiple! genes! [121].! An! effective!method! of! improving! an! annotation! is! to! use! RNAMSequencing! (RNAMSeq)! data! [122,!123].!RNAMSeq!data!consists!of!sequenced!reads!of!complementary!DNA!(cDNA),!rather!than!genomic!DNA,!comprising!a!library!representative!of!a!whole!transcriptome.!The!sequenced!reads!can!either!be!assembled!de#novo!and!then!aligned!to!their!respective!genome!or!aligned!as!reads!before!being!assembled!based!upon!their!alignments![122].!! Such! alignments! provide! accurate! annotations! of! exon! boundaries! as!well! as!splice! junctions,! including! alternative! splice! sites! that! could! not! be! elucidated! using!genomic! data! alone! [122,! 124].! Any! genes! fragmented! by! an! assembly,! being! split!across! contigs,! can! thus! be! resolved;! and! genes! that! were! not! originally! predicted!(perhaps!because!they!are!atypical!in!their!content!properties)!may!be!detected,!thus!improving!upon!gene!model!predictions!based!solely!upon!genomic!data.!It!is!generally!accepted! that!most! initial!annotations!of!a!gene!set! should!only!be!considered!drafts![125],!and!many!have!been!improved!upon!by!the!addition!of!RNAMSeq!data!at!a!later!date![126].!!
1.6.4$Comparative$genomics$of$other$parasitic$species$
$
$ Comparative!genomic!studies!such!as! the!ones!undertaken! in! this! thesis!have!been! performed! for! multiple! protozoon! parasites! in! recent! years! [127M129].! Most!
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recently,!a!comparison!of!the!genomes!and!transcriptomes!of!closely!related!parasites!
Toxoplasma# gondii! and! Neospora# caninum! was! carried! out! [127].! T.# gondii! is! an!intracellular!parasite!of!most,!if!not!all,!warmMblooded!vertebrates,!capable!of!causing!blindness,!spontaneous!abortions!and!congenital!disease![127,!130].!N.#caninum!has!a!more! limited! host! range! and! causes! spontaneous! abortions! in! cattle! [127,! 131M133].!Within!the!genomes!of!the!two!species,!genes!encoding!surface!antigens!and!virulence!factors!were!identified!that!have!diverged!whilst!the!majority!of!the!two!species’!gene!sets! remain! conserved,! distinguishing! the! two! species! from! one! another! [127].! The!comparison! also! allowed! deductions! to! be!made! about! the! species’! adaptations! that!allow!them!to!exploit!the!niches!that!they!occupy.!!!Surface!antigens!were!found!to!be!similarly!divergent,!relative!to!the!rest!of!the!gene! sets,! in! a! comparison! of! the! humanM! and! mammalMinfective! parasites!
Trypanosoma#cruzi,!Trypanosoma#brucei!and!Leishmania!major! [128].!T.#brucei#and!T.#
cruzi#rely!upon!a!large!degree!of!antigenic!diversity!to!evade!host! immune!responses![134].! Large! novel! groups! of! coMlocalised! genes,! identified! as! a! result! of! genomic!analyses,! were,! therefore,! implicated! in! immune! evasion,! presenting! new! potential!drug!targets![128].!The!implication!of!such!studies,!which!is!of!great!interest!in!Chapter!Three!of!this!thesis,!is!that!divergence!in!an!otherwise!conserved!gene!set!is!indicative!of!genes!that!play!major!roles!in!a!species’!ability!to!parasitise!its!host.!!Furthermore,!comparative!genomic!analyses!can!also!identify!genes!unique!to!individual! species,!which!may!play! important! roles! specific! to! their! life! cycle,! as!was!found! in! the!malariaMcausing! parasite! Plasmodium# vivax! when! compared!with! other!members!of!its!genus![129].!Eight!novel!gene!families!were!discovered!in!P.#vivax#as!a!result!of!this,!including!one!gene!known!to!illicit!an!immune!response,!implicating!it!in!pathogenesis.! The! results! of! these! analyses! can,! therefore,! provide! information! that!might!identify!key!virulence!factors!involved!in!diseases.!
$
1.7$Aims$of$thesis$!! As! a! neglected! disease,! there! is! still! much! to! learn! about! amoebiasis! and! its!causative! agent! or! agents.! This! thesis! aims! to! improve! understanding! of! the! genus!beyond!E.# histolytica,! as!well! as! offering! insight! into! the! gene! families! necessary! for!survival!of!the!different!lifestyles!exhibited!by!members!of!the!genus.!!
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In!Chapter!Two,!the!genome!of!E.#moshkovskii!Laredo!is!sequenced,!assembled!and!annotated,!providing!a!draft!reference!genome!for!the!species.!The!genome!is!then!entered!into!comparative!genomic!analyses! involving!other!reference!genomes!in!the!genus,!namely!those!of!E.#histolytica!HMM1:IMSS,!E.#dispar!SAW760!and!E.#invadens!IPM1.!These! analyses! allow! for! the! elucidation! of! a! putative! core! Entamoeba! gene! set!consisting!of!orthologues!present!in!all!members!of!the!genus.!Gene!families!thought!to!have!key!roles!in!the!development!of!amoebiasis!are!identified,!whilst!the!discovery!of!orthologous! sequences! in!E.#moshkovskii#supports! the! theory! that!E.#moshkovskii! is! a!humanMinfective! strain,! rather! than! a! freeMliving! organism.! Finally,! comparative!analyses! of! E.# histolytica! HMM1:IMSS! with! representatives! of! other! genera! from! the!Unikonts! clade! of! eukaryotes! are! performed.! Studying! species! with! well! annotated!genomes! –!Dictyostelium# discoideum! [135],!Acanthamoeba# castellanii! [136,! 137]! and!
Saccharomyces#cerevisiae![138]!M!allows!the!generation!of!an!EntamoebaMexclusive!gene!set,!defining!some!of!the!gene!families!that!distinguish!the!Entamoeba!from!their!close!relatives.!!! Chapter! Three! shifts! the! focus! from! the! interMspecies! comparisons! seen! in!Chapter!Two! to! an! intraMspecies! approach.!Genomic! sequences! of!multiple! strains! of!the! two! bestMstudied! species! –! E.# histolytica,! E.# dispar! –! and! the! littleMstudied!!!!!!!!!!!!!!!!!!!!!
E.# moshkovskii! are! compared! to! identify! those! genes! that! demonstrate! the! greatest!genetic!variation!within!each!species.!Following!the!Red!Queen!Hypothesis![139,!140],!this!was!seen!as!a!way!to!identify!the!genes!most!important!in!survival!of!the!different!lifestyles! seen! in! the! three! species.! The! chapter! also! presents! comparisons! of! intraMspecies!diversity!seen!in!E.#histolytica!and!E.#moshkovskii,!leading!to!the!conclusion!that!
E.# moshkovskii! is! a! species! complex! rather! than! an! individual! species! comprised! of!genetically!diverse!strains.!!! Finally,!Chapter!Four!offers!comparisons!between!multiple!methods!of!de#novo!genome!assembly!and!gene!detection!made!during!efforts!to!sequence!the!genome!of!the!recently!discovered!species!E.#bangladeshi.!Four!publicly!available!whole!genome!assembly!programs!–!Velvet,!Ray,!SOAPdenovo!and!ABySS![141M144]!–!are!compared!with! an! alternative! method! focusing! on! coding! sequences! rather! than! the! entire!genome.! The! results! of! this! technical! evaluation! offer! guidance! for! future! similar!assemblies,!whilst!also!gleaning!information!about!the!gene!content!of!E.#bangladeshi!and!its!place!in!the!evolutionary!history!of!the!Entamoeba,!thus!further!adding!to!our!knowledge!of!this!poorly!understood!genus.!
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Chapter$ Two$ L$ Genomic$ annotation$ of$ Entamoeba# moshkovskii$ strain$
Laredo$ and$ comparative$ analysis$ between$ members$ of$ the$ Entamoeba$
genus$
$
2.1$Introduction$!! A! wealth! of! knowledge! exists! regarding! the! gene! families! involved! in! the!various!stages!of!parasitic!amoebic!infections,!including!those!responsible!for!causing!pathogenic!amoebiasis.!However,!much!uncertainty!remains!regarding!which!of!these!families!play!essential!roles!and!what!key!differences!exist!between!those!species!and!strains! capable! of! causing! pathogenesis! and! those! that! cannot.! It! was! hoped! that!comparisons!of!Entamoeba#histolytica’s!gene!complement!with!those!of!closely!related!species!might!offer!greater!insight!into!the!genes!involved!in!hostMparasite!interactions.!Annotated! genomes! already! exist! for! the! species! Entamoeba# dispar! and! Entamoeba#
invadens,!although!this!is!the!first!time!they!have!been!presented.!However,!in!order!to!achieve!a!more!complete!comparison,!it!was!first!necessary!to!assemble!and!annotate!a!reference!genome!for!the!species!Entamoeba#moshkovskii.!!!
2.1.1$Early$isolation$and$identification$of$Entamoeba#moshkovskii$
#
E.# moshkovskii! is! a! close! relative! of! the! causative! agent! of! amoebiasis,! E.#
histolytica.! It! was! first! identified! upon! isolation! from! sewage! effluent! in! Moscow! in!1941![36].!Soon!after,!as!described!by!Neal,!a!number!of!research!groups!around!the!world! isolated! E.# histolyticaMlike! amoebae! from! sewage,! offering! credence! to! the!suggestion! that! this!Entamoeba! species! could! survive! outside! of! a! host! [37].! Strains!have!subsequently!been!isolated!from!freshwater!sediments!and!brackish!water!pools![38]!and,!as!a!result,!E.#moshkovskii!has!long!been!considered!a!freeMliving!organism.#!
E.#moshkovskii!is!morphologically!indistinguishable!from!both!E.#histolytica!and!E.#
dispar! at! all! stages! in! its! life! cycle.! As! such,! positive! identification! of! isolates! from!sewage! and!bodies! of!water!was,! for!many! years,! dependent!upon!physiological! and!biochemical! differences! between! E.# moshkovskii! and! its! humanMinfective! relatives.!Perhaps!the!most!immediately!obvious!difference!between!E.#moshkovskii#and!both!E.#
histolytica! and! E.# dispar! is! the! temperatures! at! which! the# species! can! grow.! E.#
moshkovskii! can! tolerate! a! greater! range! of! temperatures! than! E.# histolytica# and! E.#
dispar,! with! an! optimal! incubation! temperature! of! around! 24°C! [37].! This! is!
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considerably! lower! than! the!37°C! required! to! imitate! the! conditions!within!a!human!host!and!successfully!culture!E.#histolytica!and!E.#dispar![36,!145].!In!addition!to!this,!E.#
moshkovskii#is!both!more!osmotolerant!and!more!resistant!to!several!drugs,!including!the!antiMprotozool!drug!emetine![3,!146].!
$
2.1.2$Isolation$from$human$hosts$!The! isolate! that! this! chapter!will! designate! as! the! species’! reference! strain! –!E.#
moshkovskii!Laredo!–!was!isolated!from!a!human!host!in!Laredo,!Texas!in!1956![147].!Despite!the!strain’s!ability!to!grow!both!at!room!temperature!and!body!temperature,!its!isolation!from!a!human!and!the!symptoms!demonstrated!by!the!patient!–!abdominal!pain! and! diarrhoea! –! meant! it! was! presumed! to! be! a! strain! of! E.# histolytica# [146].!Following! on! from! this,! multiple! strains! isolated! from! human! hosts! were! similarly!identified!as!‘atypical!E.#histolytica’,!or!‘E.#histolyticaMlike’!cells.!A!review!of!many!such!cases!was! carried! out! by! Goldman! as! several! of! the! distinguishing! features! of! these!strains,!mentioned!above,!became!better!known![148].!!In!more!recent!years,!such!‘atypical!E.#histolytica’!strains!have!been!redefined!as!
E.#moshkovskii,! reflecting! the! defining! characteristics! they! share!with! environmental!isolates![146].!It!is!important!to!stress!that,!despite!being!isolated!from!humans,!some!of!whom!were!ill,!the!E.#moshkovskii#strains!in!these!instances!could!not!be!confirmed!as! the! causative! agents! of! any! observed! symptoms! [148].! Indeed,! the! symptoms!demonstrated!by!the!patient!from!whom!E.#moshkovskii!Laredo!was!isolated!were!later!judged! to!be! the! result!of! a!benign!colon! tumour! [146].!As! such,!none!of! these!cases!definitively!demonstrated!pathogenicity!and!parasitism!as!traits!in!E.#moshkovskii.!!
2.1.3$Evidence$of$parasitism$and$pathogenicity$in$humans$!In!the!last!decade,!several!studies!have!presented!more!conclusive!evidence!of!E.#
moshkovskii’s!status!as!a!humanMinfective,!and!potentially!pathogenic,!organism.!Many!of! these! studies! have! been! made! possible! through! the! utilisation! of! nested,! singleMround,! or! realMtime! polymerase! chain! reactions! (PCR)! targeting! the! small! ribosomal!subunits! of!E.# histolytica,!E.# dispar! and!E.#moshkovskii.! The! three! targets! all! differ! in!length,! meaning! the! process! can! differentiate! between! the! species,! allowing! for!confirmation!of! the!presence!of!E.#moshkovskii! in! samples! [3,! 41,! 42,! 149M151].!With!many! such! studies! detecting! E.# moshkovskii! in! human! stool! samples,! it! is! generally!
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agreed! that!E.#moshkovskii! should!be! considered! a!potential! human!parasite.! Indeed,!one!study!concluded! that!humans!may,! in! fact,!be! the!primary!host!of!E.#moshkovskii![3].! !The! question! of! E.# moshkovskii’s! pathogenicity! is! currently! of! considerable!interest.!Studies!have!detected!E.#moshkovskii! in!stool!samples!of!subjects!presenting!with! diarrhoea,! both! in!mixed! amoebic! infections! and! on! its! own! [4,! 44],!whilst! not!detecting! it! in! asymptomatic! test! subjects.! E.# moshkovskii! has! also! been! shown! to!successfully!establish!symptomatic! infections! in!members!of! several! congenic! strains!of! mice! when! injected! into! the! caecum.! Results! of! E.# moshkovskii! infections! were!comparable!with!those!of!E.#histolytica.!E.#dispar!was!unable!to!sustain!an!infection!in!any!of!the!five!strains,!suggesting!that!E.#moshkovskii!and!E.#histolytica!share!virulence!factors! that! E.# dispar! does! not! [4].! Taken! together,! such! results! imply,! whilst! not!proving,!E.#moshkovskii’s!involvement!in!human!amoebiasis.!!
2.1.4$Indications$of$a$species$complex$and$resulting$caveats$!It!should!be!noted!that!not!all!strains!of!E.#moshkovskii!are!capable!of!parasitising!human!hosts.!It!is!likely!that!E.#moshkovskii!is,!in!fact,!a!species!complex,!comprised!of!multiple! closely! related! species.! Riboprinting! has! revealed! a! total! of! six! ribodemes!within!E.#moshkovskii,!with!all!humanMinfective!isolates!known!at!the!time!being!nonMexclusively!present!within!ribodeme!2![38,!146,!152].!This!suggests!that!our!definition!of!E.#moshkovskii!may!be!insufficient!and!that!the!parasitic!strains!of!this!species!may!be!better!defined!as!their!own!species,!set!apart!from!the!others.!However,!until! firm!evidence!supports!such!a!change,!we!must!assume!that!E.#moshkovskii!can!be!regarded!as!one!species,!albeit!a!highly!variable!one.!!
2.1.5$Importance$of$studying$genetic$content$of$Entamoeba#moshkovskii#! Despite!the! first!E.#moshkovskii! strain!being!discovered!over!70!years!ago,! there!has!been!comparatively!little!research!carried!out!on!the!organism.!This!is!likely!due!to!the!research!community!being!relatively!small!and!the!fact!that!E.!moshkovskii#was!not!considered! a!pathogenic,! and! therefore! ‘important’,! organism!until! recently.!As! such,!no!DNA!sequencing!has!ever!been!carried!out!to!generate!a!reference!genome!for!the!species.! If!E.#moshkovskii! strains! are! capable! of! pathogenic! infection! of! human! hosts!then! it!may! be! of! benefit! to! understand!how! they! do! so.!Many! of! the!molecular! and!
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chemical!pathways!employed!by!E.#histolytica# in!pathogenic!infections!are!known!but!relatively!poorly!understood.!Comparing!the!genetic!content!of!a!parasitic!strain!of!E.#
histolytica!with!that!of!a!potentially!pathogenic!strain!of!E.#moshkovskii!might!highlight!common!gene!families!not!present!in!nonMpathogenic!species!and!strains.!Such!findings!could!be!used!to!facilitate!research!into!the!pathways!essential!for!causing!amoebiasis.!!
2.1.6$Gene$model$annotation$and$validation$used$in$this$chapter$
$
i.$Annotation$!! In!Chapter!One,!current!de#novo!gene!annotation!techniques!were!described.!In!this! project,! a! combination! of! alignmentMbased! and! ab# initio! methods! was! used! to!annotate!gene!space! in! the!E.#moshkovskii!Laredo!genome.!Broadly!speaking,!such!an!approach!involves!two!steps.!Firstly,!the!chosen!annotation!pipeline!must!be!provided!with!a!sample!of!gene!models!the!accuracy!and!validity!of!which!one!can!be!confident.!Functional!genes!cannot!include!‘stop’!codons,!meaning!that!all!predicted!gene!models!exist!within!Open!Reading!Frames!(ORFs),!containing!no!such!codons.!As!such,!the!first!step! is! to! identify! ORFs! large! enough! to! contain! an! individual! exon.! Subsequently!employed! are! orthologous! sequences! M! that! is,! genes! in! another! species! that! share!ancestry!with!suspected!gene!models!and!have!diverged! following!a!speciation!event![153].!It!is!logical!that!the!largest!numbers!of!orthologous!genes!will!always!be!found!shared!by!closely!related!species!because!evolution! from!their!common!ancestor!has!been! relatively! recent! so! the! genes! will! share! larger! proportions! of! their! protein!sequences.! As! such,! the! sequences! of! annotated! close! relatives! (in! this! case,! E.#
histolytica!and!E.#dispar)!can!be!searched!for!in!an!unannotated!genome,!such!as!that!of!
E.#moshkovskii!Laredo,!with!matches!suggesting!the!presence!of!an!orthologous!gene.!As!explained!in!Chapter!One,!transcriptomics!are!of!use!here!as!RNAMSeq!data!can!be!used!to!precisely!identify!splice!sites!in!multiMexon!genes.!The!RNAMSeq!data!provided!by! Dr! Guillen’s! group! was! used! to! this! effect! here,! ensuring! that! accurate! exon!boundaries!were!annotated.!For! the!second!step,! the!annotation!pipeline!attempts! to!identify!regions!that!possess!physicochemical!properties!common!to!gene!sequences.!This! project’s! strategy,! in! particular,! uses! the! provided! sample! of! gene! models! to!further!inform!the!gene!prediction!software!as!to!the!expected!signals!and!content.!!!!
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ii.$Validation$!! A!common!way!of!determining!the!quality!of!an!assembly!and!annotation!is!to!to! search! for! genes! orthologous! to! the! ‘Core! Eukaryotic! Genes’! (CEG)! set! [114].! The!CEGs! are! genes! suspected! of! being! shared! by! all! eukaryotic! species.! They! were!identified!by!finding!orthologous!groups!present!in!a!wideMranging!group!of!six!species!M!Homo#sapiens,!Drosophila#melanogaster,!Arabidopsis#thaliana,!Caenorhabditis#elegans,!
Saccharomyces#cerevisiae#and!Schizosaccharomyces#pombe.!This!approach!is!imperfect,!as! is! discussed! in! Section! 2.3.2,! but! it! is! a! widely! used! rudimentary! measure! of!completeness! of! a! genome! so!was! implemented! in! this! project! [154M157].! There! are!myriad! parameters! to! measure! the! quality! of! the! assembly! itself! and! these! are!discussed!in!Chapter!Three.!!
2.1.7$Aims$of$chapter$! In!this!chapter!I!have!sequenced,!annotated!and!analysed!the!genome!of!the!E.#
moshkovskii! strain! Laredo.! I! have! used! these! new! genomic! data! in! a! comparative!analysis! of! four! members! of! the! Entamoeba! genus! –! E.# histolytica,! E.# dispar,! E.#
moshkovskii! and! E.# invadens! M! in! order! to! identify!multiple! gene! sets.! Firstly,! I! have!discovered! gene! families! unique! to! each! species,! gaining! some! insight! into! the!sequences!necessary!for!survival!of!their!different!lifestyles.!Of!particular!interest!are!the!genes!that!shed! light!on!the!capacity!of!E.#moshkovskii!and!E.#dispar! to! infect!and!cause! disease.! Secondly,! I! have! identified! a! core! set! of! gene! families! exclusive! to!
Entamoeba,! thus!highlighting! the!genes! that!set! this!parasitic!genus!apart! from!other!genera.! Finally,! I! have! presented! detailed! analyses! of! the! virulence! genes! that! play!crucial!roles!in!the!advancement!of!amoebiasis.!!!!!!!!!!!
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2.2$Materials$and$Methods$!
2.2.1$LYILSL2$growth$medium$!
E.# moshkovskii! Laredo! cultures! were! kindly! provided! by! Dr! Graham! Clark!(London! School! of! Hygiene! and! Tropical! Medicine)! and! maintained! by! Dr! Gareth!Weedall! (University! of! Liverpool)! in! LYIMSM2! medium! [158].! The! complete! medium!consisted!of!880!mL!basal!medium,!20!mL!vitamin!mix!#18![159]!and!130!mL!heatMinactivated! adult! bovine! serum! (ABS).! 2! mL! penicillinMstreptomycin! solution! at! a!concentration! of! 5,000! units/mL! penicillin,! 5! mg/mL! streptomycin! (Gibco! by! Life!Technologies)!was!added.!!The! heatMsterilised! basal! medium! consisted! of! 1.0! g! potassium! phosphate!dibasic,! 0.6! g! potassium! phosphate!monobasic,! 1.0! g! LMcysteine,! 0.2! g! ascorbic! acid,!!!!!!!!2.0!g!NaCl,!25.0!g!yeast!extract,!5.0!g!neutralised!liver!digest,!10.0!g!glucose!and!1.0!mL!ferric! ammonium!citrate!brown! form! (22.8!mg/mL),! dissolved! in!distilled!water! and!adjusted!to!pH!6.8.!SigmaMAldrich!produced!all!chemical!components!used!to!make!the!basal!medium!except!for!neutralised!liver!digest!(Oxoid),!and!NaCl!and!glucose!(VWR!BDH!Prolabo).!! Vitamin!mix!#18!consisted!of! five! solutions.!Solution!one!consisted!of!2.5!mg!niacinamide,! 0.4! mg! pyridoxal! hydrochloride,! 2.3! mg! calcium! pantothenate,! 0.5! mg!thiamine!hydrochloride!and!0.12!mg!vitamin!B12,!dissolved!in!distilled!water!up!to!2.5!mL.!Solutions!two,!three!and!four,!consisting!of!0.7!mg!riboflavin!dissolved!in!minimal!0.1!M!NaOH;!0.55!mg! folic!acid!dissolved! in!minimal!0.1!M!NaOH;!and!0.2!mg!biotin,!respectively,!were! each!dissolved! in! distilled!water! up! to! 4.5!mL.! The! four! solutions!were!combined!and!added!to!a!4.0!mL!solution!of!50!mg!TweenM80,!and!0.1!mg!±MαMlipoic!acid!in!0.5!ml!95%!ethanol,!suspended!in!distilled!water.!The!complete!solution!was!filterMsterilised!using!a!0.22!µm!filter.!All!chemical!components!of!vitamin!mix!#18!were!produced!by!SigmaMAldrich.!!Different! batches! of!ABS! support! growth!of!Entamoeba! to! varying!degrees! of!efficacy.!The!batch!used! throughout! this!project!was! recommended!by!Dr!Clark,! and!produced!by!Sera!Lab!(Product!ID:!SM202MFS;!Batch!No:!M106028).!The!ABS!was!heatMinactivated!by!30!minutes’!incubation!at!56°C!before!being!put!on!ice.!!
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2.2.2$DNA$extraction$! The!method!Dr!Weedall!used!to!extract!DNA!from!E.#moshkovskii#Laredo!cells!was! a! modification! of! the! technique! on! the! ‘Entamoeba! Homepage’! at!http://entamoeba.lshtm.ac.uk/dnaisoln.htm.!Chilled!lateMlog/stationary!phase!cultures!were!pelleted!at!11,000!rpm! for!5!minutes!at!4°C,! then,! twice,!were! reMsuspended! in!!!!!1!mL! phosphateMbuffered! saline! solution! and! pelleted! for! 1!minute! at! 6,000! rpm! at!room! temperature.! Resulting! pellets!were! reMsuspended! in! 300! µL! Qiagen! Cell! Lysis!Solution!with!3!µL!proteinase!K!(10!mg/mL)!and! incubated!at!55°C! for!120!minutes.!!42!µl!10%!cetyltrimethylammonium!bromide! (CTAB)/0.7!M!NaCl! solution,!heated! to!65°C,! and!75! µL!3.5!M!NaCl!were! added!prior! to! incubation! at! 65°C! for! 20!minutes.!Following! incubation,! CTAB! solutions! were! mixed! with! 400! µL!phenol:chloroform:isoamyl! alcohol! (25:24:1)! and! centrifuged! at! 15,000! rpm! for! 10!minutes!at!18°C.!Supernatants!were!chilled!with!2!volumes!of!100%!ethanol!and!1/10!volume! of! 3! M! NaOAc! (pH! 5.2)! at! M20°C! for! 12! hours,! before! being! pelleted! at!!!!!!!!!!!15,000!rpm! for!30M45!minutes!at!4°C.!Final!pellets!were!washed! in!70%!ethanol,! reMsuspended!in!30M50!µl!nucleaseMfree!water!and!purified!using!illustra!MicroSpin!SM200!HR!Columns,!according!to!the!manufacturer’s!protocol.!!
2.2.3$Sequencing$and$assembling$the$Entamoeba#moshkovskii$Laredo$genome$! Dr! Weedall! prepared! four! libraries! from! the! DNA,! according! to! the!manufacturer’s! protocol! (Roche):! two! singleMend! fragment! libraries,! a! 3! kb! insert!Paired!End!(PE)!library!and!a!8!kb!insert!PE!library.!Sequencing!was!carried!out!by!the!University!of!Liverpool’s!Centre!for!Genomic!Research!(CGR)!using!the!Roche!454!GS!FLX!Titanium!system.!The!Newbler!Assembler!v2.3! [160]!was!used! to!carry!out!a!de#
novo! assembly! of! the! total! 3,812,076! generated! reads! >! 150! bp! using! default!parameters.! The! resulting! scaffolds,! and! contigs! no! smaller! than! 500! bp,! were!concatenated!to!produce!a!disordered!draft!assembly.!!
2.2.4$Entamoeba#moshkovskii$Laredo$annotation$! AUGUSTUS! v2.5.5! [120]! required! a! training! set! of! coding! sequences,! the!accuracy! and! validity! of!which! one! could! be! confident,! in! order! to! identify! common!features! of! start! and! stop! codons,! and! splice! junctions!(http://augustus.gobics.de/binaries/retraining.html).! To! generate! the! training! set,!
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Open!Reading!Frames!150!amino!acids!or!greater!in!length!were!crossMreferenced!with!‘hits’! generated! by! entering! the! first! 3.5! Mb! of! the! assembly! into! a! BLASTX! search!against! the! E.# histolytica! HMM1:IMSS! protein! set,! with! an! Exponent! Value! (EMvalue)!threshold! of! 1eM10.! ! The! Basic! Local! Alignment! Search! Tool! (BLAST)! [161]! is! a! tool!made!available!by!the!National!Center!for!Biotechnology!Information!(NCBI).!!I!also!used!transcriptomic!data!kindly!generated!by!Dr!Nancy!Guillén!(personal!communication)! using! a! previously! published! protocol! [162].! Briefly,! a! PE! cDNA!library! was! prepared! from! polyA+! mRNA! extracted! from! logMphase! E.# moshkovskii!Laredo!trophozoites!and!sequenced!on!an!Illumina!HiSeq2000!instrument,!generating!100! bp! reads.! Reads! that! Bowtie! v0.12.7! [163]! failed! to! align! to! the! assembled! E.#
moshkovskii! Laredo! genome! were! mapped! using! HMMSplicer! v0.9.5! [164].! Default!cutoff!scores!were!used,!unlike!in!the!previously!published!protocol.!The!E.#moshkovskii!Laredo!genome!was! then!entered!as!a!query!sequence! into!a!BLASTN!search!against!the!62!bases!either! side!of! each!unambiguously! identified! splice! junction,!with!an!EMvalue!threshold!of!1eM5.!!! The! three! datasets! were! viewed! in! the! Wellcome! Trust! Sanger! Institute’s!program!Artemis! v13.0! [165,! 166]! and! used! to! inform!manual! gene!model! curation.!AUGUSTUS’! training! script!autoAug!was! run!using!a! final! training! set!of!197!models,!using!default!parameters.!AUGUSTUS!was!then!run!using!default!parameters!and!a!set!of! ‘hints’,! consisting! of! weighted! intron! positions! inferred! from! Dr! Guillén’s! splice!junction!data!(Bonus!=!‘10’;!Penalty!=!0.7;!unMweighted!values!=!1).!!Proteins! encoded! by! putative! coding! sequences! (CDSs)! in!AUGUSTUS’! output!were!entered! into!a!reciprocal!BLASTP!search!against! the!protein!set!of!E.#histolytica!HMM1:IMSS,! using!default! parameters.! Predicted! sequences!with! a! reciprocal! best! hit!(RBH)!were! included! in! the! final!annotation!set.!Those!without!a!definite!orthologue!were! only! included! if! their! total! exon! length! exceeded! 350! bp! and! if! they! were!attributed!an!AUGUSTUS!confidence!score!of!at!least!0.75!or!‘hit’!an!E.#histolytica!HMM1:IMSS!gene!in!a!oneMway!BLASTP!search!using!an!EMvalue!threshold!of!1eM5.!!!As!a!rudimentary!measure!of!completeness,!the!annotated!gene!set,!along!with!the!gene!sets!of!E.#histolytica#HMM1:IMSS,!E.#dispar!SAW760!and!E.# invadens! IPM1,!was!compared!with!a!group!of!sequences!theoretically!common!to!all!eukaryotes,!called!the!CEG! set! [114].! The! 458! CEG! families! were! downloaded! from! The! Korf! Lab’s! Core!
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Eukaryotic! Genes! Mapping! Approach! (CEGMA)! dataset! at!http://korflab.ucdavis.edu/Datasets/cegma/! [114,! 167].! Associated! functions! were!acquired! from! the!NCBI!Clusters!of!Orthologous!Groups! (COG)!database,! from!which!the! CEGs! were! derived! (http://www.ncbi.nlm.nih.gov/COG/;! [114,! 168]).! The! CEG!protein! sequences! were! entered! into! a! BLASTP! search! against! the! Entamoeba!sequences!using!an!EMvalue!threshold!of!1eM5.!!!
2.2.5$Reference$strain$data$! Genomic,! CDS! and! protein! sequences,! as!well! as! genomic! feature! files,! for!E.#
histolytica!HMM1:IMSS,!E.#dispar!SAW760!and!E.# invadens! IPM1!were!downloaded!from!AmoebaDB!v2.0![169,!170].!Average!fold!coverage!values!were!acquired!from!the!NCBI!Whole!Genome!Sequence!Project!pages.!The!accession!numbers!for!the!versions!of!the!three! projects! used! are! as! follows! (with! original! project! accession! numbers! in!parentheses):! E.# histolytica! HMM1:IMSS:! AAFB02000000! (AAFB00000000);! E.# dispar!SAW760:! AANV02000000! (AANV00000000);! and! E.# invadens! IPM1:! AANW03000000!(AANW00000000).! All! equivalent! data! regarding!E.#moshkovskii! Laredo!was! derived!from!the!assembly!and!annotation!carried!out!in!this!project.!!!
2.2.6$IntraLgenus$comparative$analyses$! OrthoMCL!v2.0.3![171]!was!run!to!identify!gene!families!with!orthologues!in!E.#
histolytica!HMM1:IMSS,!E.#dispar! SAW760,!E.# invadens! IPM1!and!E.#moshkovskii!Laredo.!Default!parameters!were!used,!though!an!EMvalue!threshold!of!1eM5!was!applied!to!the!AllMvsMAll!BLASTP!search!stage.!MySQL!served!as!the!relational!database.!A!50%!cutoff!value!was!applied.!All!proteins!from!all!four!species!were!included!in!the!comparison.!MCL!was!run!using!a!clustering!granularity!value!of!3.0.!All!clusters!containing!at!least!one!member!from!each!of!the!four!species!were!included!in!the!core!gene!set.!! To!compare! speciesMspecific! functions,!Gene!Ontology! (GO)!annotations! [172]!were!applied!to!each!of!the!four!Entamoeba!species’!gene!sets!using!BLAST2GO!v2.6.4!–!v2.7.1![173].!The!sequences!were!entered!into!BLASTX!searches!against!the!NCBI’s!nr!database,!with!an!EMvalue!threshold!of!1eM3!and!a!limit!of!25!hits!per!query.!GO!terms!associated! with! hit! sequences! were! pooled! and! applied! to! the! respective! query!sequences.! InterProScan! GO! terms! derived! from! all! available! applications! and! GO!terms!attributed!to!enzymes!were!also!applied.!Within!each!species,!all!GO!annotations!
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for! genes! unique! to! that! species! were! separated! into! the! groups! ‘Components’,!‘Functions’! and! ‘Processes’.! The! same!was! done! for! all! genes! in! the! core!Entamoeba!gene!set!that!were!identified!in!OrthoMCL!results.!Each!GO!group!was!uploaded!to!the!webMbased!program,!CateGOrizer!v3.218![174],!which!was!used!to!collate!the!GO!terms!into!higherMlevel!categories!called!‘GOA2GO!GO!Slim’!(GOA)!terms.!Every!occurrence!of!every!GO!term!was!included!in!the!counts.!!
2.2.7$InterLgenus$comparative$analyses$!! Protein! sequences! were! downloaded! from! multiple! sources.! E.# histolytica!!!!!HMM1:IMSS! [49,! 51]! and! Acanthamoeba# castellanii# Neff! [136]! sequences! were!downloaded! from! AmoebaDB! v2.0.! Dictyostelium# discoideum# AX4! sequences! and!
Saccharomyces# cerevisiae# S288c! sequences! were! acquired! from! the! dictyBase! [135,!175,!176]!and!Saccharomyces!Genome!Database![177,!178]!websites,!respectively.!All!sequence!lists!were!downloaded!on!03/09/13.!! OrthoMCL! v2.0.3! was! used! to! identify! gene! families! orthologous! to! E.#
histolytica,!D.#discoideum!and!A.#castellanii,!as!well!as!those!shared!by!S.#cerevisiae,!as!representatives! of! their! genera.! Parameters! used!were! as! described! in! Section! 2.2.6,!save!for!a!35%!cutoff!value!being!applied.!All!clusters!containing!at!least!one!member!from!only!E.#histolytica,!D.#discoideum!and!A.#castellanii!formed!a!core!Amoebozoa!gene!set.! All! clusters! containing! at! least! one!member! from! each! of! the! four! species!were!included! in! a! core! Unikont! gene! set.! Genes! exclusive! to! E.# histolytica,! and! their!orthologues! from! the! core!Entamoeba! gene! set,! formed!an!EntamoebaMexclusive! core!gene!set.#
$! GO!annotations!were!used! to!compare!genusMspecific! functions.!D.#discoideum!GO!terms!were!downloaded!from!the!Gene!Ontology!website!(gene!association!revision!16105)! and! attributed! to! their! respective! sequences.!Acanthamoeba# castellanii! CDSs!were! downloaded! from! AmoebaDB! v2.0! and! Saccharomyces# cerevisiae! CDSs! were!downloaded! from! the! NCBI! Nucleotide! database.! GO! terms!were! generated! for! both!species! using!BLAST2GO,! as! described! in! Section! 2.2.6.! All! GO! annotations! for! genes!unique! to! each! species,! including! E.# histolytica,! were! separated! into! the! groups!‘Components’,! ‘Functions’! and! ‘Processes’,! and! collated! using! CateGOrizer! v3.218,! as!described!in!Section!2.2.6.!!!!
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2.2.8$Investigating$the$EntamoebaLexclusive$core$gene$set$!! Excluding!hypothetical!proteins,! the!number!of!occurrences!of!every! function!or!domain!in!the!gene!set!was!manually!counted.!Functions!or!domains!were!grouped!together! when! thought! to! imply! similar! roles.! Where! available,! E.# histolytica#annotations! were! used,! unless! an! orthologous! E.# dispar! gene’s! annotations! were!considered!more! informative,!whilst! concurring!with! the!E.#histolytica! annotations.! If!no!E.#histolytica!or!E.#dispar!annotations!existed,!E.#invadens!annotations!were!used.!!
2.2.9$InterLspecies$comparisons$of$virulence$factors$!
i.$Identifying$virulence$factor$families$!
E.#histolytica!HMM1:IMSS!genes!suspected!of!encoding!putative!virulence!factors!were! identified! using! AmoebaDB,! NCBI’s! Gene! Database! and! the! scientific! literature!(for!search!terms,!see!Appendix!A,!Table!A.1).!Corresponding!protein!sequences!were!entered! into! a! TBLASTN! search! against! the! complete! gene! sets! of!E.# histolytica#HMM1:IMSS,! E.# dispar! SAW760,! E.# invadens! IPM1! and! E.# moshkovskii! Laredo! to! identify!orthologues.!An!EMvalue!threshold!of!1eM5!and!a!limit!of!50!hits!per!search!were!applied!to! limit! the! number! of! poor! quality! hits! and! computational! expense! incurred! in!analysing!them.!!Where!50%!or!more!of! a!query! sequence’s! length!was! cumulatively!matched!across!all!hits!to!a!particular!reference!sequence,!that!reference!sequence,!and!all!genes!with!which!OrthoMCL!clustered!it,!were!added!to!its!respective!virulence!factor!family.!Clusters! or! individual! genes! present! in! 2! families! were! manually! investigated! to!determine!to!which!family!the!gene!and!their!cluster!should!be!added.!Any!identified!orthologues!lacking!functional!annotations!on!AmoebaDB!were!entered!into!a!BLASTP!search! against! the! NCBI’s! nr! database,! using! default! parameters,! to! subjectively!identify! any! highMquality! hits! against! a! member! of! the! virulence! factor! family! to!confirm! their! function.! In! addition! to! this,! any! informative! or! requisite! domains! or!functions!were!identified!using!the!InterPro!and!ProtoNet!subsections!of!UniProt.!!!In!groups!containing!a!noticeably!different!number!of!genes!in!one!species,!an!
E.# histolytica! HMM1:IMSS! gene!within! the! clade,! or! an!E.# dispar! SAW760! gene! in! the!absence! of! an! E.# histolytica! gene,! was! entered! into! a! TBLASTX! search! against! the!
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genome! of! the! ‘missing’! species,! using! default! parameters.! HighMquality! hits! were!determined! subjectively,! using! the! EMvalues! of! known! family! members.! NonMpseudogenous!hits!were!added!to!their!respective!virulence!factor!family.!!!
ii.$Phylogenetic$analysis$!! MUSCLE!v3.8.31! [179]!was!used,!with!default!parameters,! to! align! sequences!within! each! family.! Bootstrapped!Maximum! Likelihood! phylograms,! were! generated!for!each!virulence!factor!family!using!the!Phylogeny!Inference!Package!(PHYLIP)!v3.69![180].!Default! parameters!were! used!unless! otherwise! stated.! Seqboot!was! run!with!1,000! bootstrap! replicates.! Protdist! was! then! run! using! the! JonesMTaylorMThornton!matrix,!set!to!receive!1,000!datasets.!The!gamma!distribution!of!evolution!rates!among!amino! acid! positions,! and! proportion! of! invariant! sites! if! greater! than! 0,! were!determined! using! values! calculated! by! MEGA! v5.2.1! (Appendix! A,! Table! A.2),! using!default!parameters![181,!182].!Fitch!estimated!phylogenies!with!the!FitchMMargoliash!criterion! for! the! 1,000! randomised! data! sets! before! Consense! output! bootstrapped!trees.!To!apply!branch! lengths! that!represent!evolutionary!distances! to! the! trees,! the!first! two! PHYLIP! programs! described! above! were! run! again,! using! the! same!parameters,!but!for!1!dataset!rather!than!1,000.!Bootstrapped!trees!were!input!to!Fitch!with!their!respective!single!data!set!trees,!applying!branch!lengths!to!the!relationships.!! In! families! containing! pseudogenes,! all! incomplete! CDSs!were! entered! into! a!BLASTN!search!against!their!species’!complete!gene!set,!with!an!EMvalue!threshold!of!1eM4.!Query! sequences! and! sequences!hit!by! them!were!accepted!as!members!of! the!family,! as! were! pseudogenous! virulence! factors! identified! in! Section! 2.2.9! Part! i.!Phylogenetic!trees!were!generated!for!the!nucleotide!sequences!using!a!method!similar!to!the!one!above!but!implementing!PHYLIP’s!DNAdist!as!opposed!to!Protdist!and!using!the!F84!distance!matrix.!!
iii.$Expression$data$! Expression! data! for! all! E.# histolytica! HMM1:IMSS! virulence! factor! CDSs! were!downloaded! from!AmoebaDB!v2.0.!The!RNAMSeq!data! from!which! these! figures!were!derived!were!generated!using!the!protocol!described!in!Section!2.2.4![162].!Extracted!from!trophozoites!of!the!E.#histolytica!strains!HMM1:IMSS!and!Rahman!in!the!log!phase!of!growth,!RNA!was!collected,! sequenced!using! the! Illumina!HiSeq2000!machine!and!
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measured! in! a! comparative! study! of! expression! of! alternative! isoforms.! The! figures!attributed! to!each!gene!represented! the!number!of! transcript! fragments!per!kilobase!per!million!(FPKM)!generated!by!Cufflinks!v.2.0.2![183]!using!the!RNAMSeq!data,!thus!reflecting!expression!levels!of!those!genes.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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2.3$Results$and$Discussion$!
2.3.1$Assembly$of$the$Entamoeba#moshkovskii$Laredo$genome$!! The!E.#moshkovskii!Laredo!genome!was!sequenced!to!provide!a!reference!strain!for!the!species!with!which!comparative!analyses!with!other!Entamoeba!species!could!be!carried!out.!Four!DNA!libraries!were!sequenced!on!the!Roche!454!GS!FLX!Titanium!system.!Combined,!the!two!singleMend!fragment!libraries!yielded!2,211,151!reads,!86%!of!which!were! longer! than! 150! bp.! The! 3! kb! and! 8! kb! insert! PE! libraries! generated!743,770! reads! (86%! >! 150! bp)! and! 857,155! reads! (90%! >! 150! bp),! respectively.!Assembly! of! the! combined! total! of! 3,812,076! reads! generated! 12,880! contigs.!When!assembled!into!scaffolds,!3,352!contigs!were!included!in!1,147!scaffolds.!!The!scaffolds!were! concatenated,! along!with! 3,460! contigs! of! at! least! 500! bp! in! length.! A! total! of!6,068! contigs! were! shorter! than! 500! bp! and! were! not! included! in! the! assembly!independently!or!in!any!scaffolds.!! The! E.# moshkovskii! Laredo! genome! has! a! lower! N50! scaffold! length! than!!!!!!!!!!!!!
E.# histolytica! and! E.# invadens,! but! a! greater! average! scaffold! size! than! E.# histolytica!(Table! 2.3.1).! It! consists! of! a! similar! number! of! scaffolds! to! these! two! genomes,!whereas!E.#dispar!has!a!higher!number!of!scaffolds!and!correspondingly!lower!N50!and!average!scaffold!length!values.!The!fact!that!the!E.#moshkovskii!assembly!is!comparable!to! the!more! complete! assembly! of!E.# histolytica# suggests! that! it! is! of! a! high! quality.!Additionally,!if!the!unscaffolded!contigs!are!omitted!from!the!assembly,!the!N50!value!increases!to!47,690,!bringing!it!closer!to!the!value!seen!in!E.#histolytica.!!!The! E.# moshkovskii! assembly! is! the! only! one! of! the! four! reference! genomes!featured! herein! to! be! sequenced! using! secondMgeneration! sequencing! technology.! As!such,!higher!sequencing!depths!were!achieved!than!for!the!other!species!(Table!2.3.1;![49]).!However,!the!average!depth!was!inflated!by!a!relatively!small!number!of!contigs!and!scaffolds!with!uncommonly!high!coverage!depths,!which!skewed!the!distribution!of!depths! (Figure!2.3.1).!Exclusion!of! those!with! coverage!depths!beyond!2! standard!deviations!of!the!mean!lowered!the!average!depth!to!54.41x,!whilst!the!peak!alignment!depth!of!the!assembly!was!27x.!
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$
Figure$2.3.1.$Frequencies$of$mean$read$depths$within$each$scaffold/contig$in$the$
Entamoeba#moshkovskii$ Laredo$ genome.$The! highest! fold! coverage! recorded!was!7730.04x.!!! The!GC!content!of!E.#moshkovskii! is!similar!to!those!of!the!other!three!species,!and! the! range!of!GC! contents! seen!across! the! genome! is!normally!distributed! (Table!2.3.1;! Figure! 2.3.2).! The! relatively! narrow! range! suggests! that! the! GC! content! of! the!genome! is! largely! uniform! and,! more! importantly,! that! the! assembly! has! not! been!adversely! affected! by! the! relatively! low!GC! content,! a! factor! that! can! introduce! bias,!and! therefore! a! skewed! GC! content! distribution,! into! an! assembly! at! certain!proportions![52,!54].!!It! is! more! likely! that,! as! often! occurs! in! nextMgeneration! sequencing! and!assembly!projects,!such!inflated!coverage!depths!are!the!result!of!repeat!regions!in!the!genome! [184,! 185].! Overall,! 19.7%! of! the! E.# histolytica! genome! is! comprised! of!transposable!elements,!with!two!retrotransposon!types!(LINEs!and!SINEs)!making!up!56.9%!of!that!total![55].!Whilst!not!all!such!elements!are!present!in!both!E.!histolytica!and!E.#dispar! [186M188],!many!are,!meaning!it! is!highly! likely!that!E.#moshkovskii!also!possesses! several! of! them.! Indeed,! according! to! AmoebaDB,! of! the! 33! contigs! and! 1!scaffold! with! average! coverage! depths! beyond! 2! standard! deviations! from! the!
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assembly!mean,! the! scaffold!and!21!of! the!contigs! contain! repeat! regions!or!areas!of!low!complexity.!Worthy!of!particular!note!is!contig!01592,!99.88%!of!which!consists!of!a!361!base!tandem!repeat.!!!!
!!
Figure$2.3.2.$The$range$of$GC$contents$in$100$base$sections$of$reference$genome$
assemblies$for$Entamoeba#histolytica,$Entamoeba#dispar,$Entamoeba#moshkovskii$
and$Entamoeba#invadens.!In!total,!99.19%!of!the!E.#histolytica!assembly!was!included,!as!was!98.49%!of!the!E.#dispar#assembly,!88.75%!of!the!E.#moshkovskii!assembly,!and!98.47%!of!the!E.#invadens!assembly.!!!!!!
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LINEs!and!some!SINEs!in!E.#histolytica!exceed!the!length!of!the!reads!generated!for!Laredo![55,!57].!As!such,!the!Newbler!genome!assembler!may!have!been!unable!to!unambiguously! assemble! such! regions! in! Laredo.! This! would! have! lead! to! reads!erroneously!being!mapped!to!the!same!location,!artificially!inflating!coverage!depths!at!those!sites![184,!185].!Despite!this!common!assembly!artefact,!the!high!peak!coverage!depth!still!means!that!one!can!be!confident!that!the!sequenced!and!aligned!bases!of!the!genome!have!been!read!accurately.!!The!total!concatenated!length!of!the!genome!was!25,247,493!bp.!This!is!slightly!larger! than! the! genomes! of! the! closely! related! E.# histolytica# and! E.# dispar,! but! far!shorter!than!that!of!the!more!distant!E.#invadens!(Table!2.3.1).!However,!E.#moshkovskii!is!the!only!one!of!the!four!Entamoeba!species!featured!in!this!chapter!whose!genome!includes!contigs!not!mapped!to!scaffolds.! It! is!possible!that!some!of!these!contigs!are!positioned! in! large! gaps!within! scaffolds,! such! as! those! that! can! occur! across! repeat!regions,! as! well! as! some! being! situated! between! or! beyond! the! regions! covered! by!scaffolds.!As!such,!it!is!uncertain!exactly!how!many!of!these!contigs!actually!extend!the!assembly! length!beyond!that!defined!by!the!scaffolds.!Without! further! information,! it!must! be! assumed! that! all! of! the! contigs! lie! between! or! beyond! the! scaffolds! and! so!constitute!12.82%!of!the!total!genome,!meaning!the!total! length!of!the!E.#moshkovskii!genome!represented!by!scaffolds!is!actually!similar!to!those!of!the!E.#histolytica#and!E.#
dispar!genomes.!One!might!expect!this!given!the!relatively!short!evolutionary!distance!between!the!three!species![189].!!Additionally,! it!must! be! remembered! that! the! ploidy! of!E.#moshkovskii! is! not!known.!When! assembling! genomes! with! a! ploidy! of! two! or! greater,! assemblers! can!encounter! problems!with! heterozygous! regions.! In! these! cases,! assembly! algorithms!cannot! resolve! the! differences! to! create! one! individual! contig! and,! instead,! contruct!multiple!contigs,!one!for!each!copy!of!the!region.!This!makes!the!two!contigs!appear!to!be! the!result!of!a!segmental!duplication,!as!opposed! to!an!assembly!error,!artificially!lengthening! the! assembly! [190].! Such! regions! have! caused! problems! in! a! variety! of!assemblies! [190],! from! highly! polymorphic! genomes,! including! those! of! Candida#
albicans! [191]! and!Anopheles# gambiae# [192],! to! the! far! less! variable!mouse! genome![193,!194],!indicating!that!this!is!a!pervasive!problem!in!de#novo!assemblies.!!If! E.# moshkovskii! were! known! to! be! haploid! then! there! would! be! no! such!complication.! However,! the! ploidy! of!E.# histolytica! is! unconfirmed! but! the! species! is!
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thought!to!be!diploid!or!tetraploid![64,!65].!With!such!a!close!phylogenetic!relationship!to!the!more!studied!species,!E.#moshkovskii!cannot!confidently!be!thought!of!as!haploid.!It! is,! therefore,! possible! that! sections! of! the! assembly! contain! multiple! copies! of!heterozygous! regions! of! the! genome,! resulting! in! the! haploid! assembly! being! larger!than!the!haploid!genome!itself.!It!is!hoped!that!the!development!of!a!new!assembly!file!format,! such! as! FASTG! (http://fastg.sourceforge.net;! [112]),! will! allow! for! better!representation!of!heterozygous!regions,!paving!the!way!for!more!accurate!assemblies.!However,!until!assembly!algorithms!can!accurately!distinguish!between!heterozygous!regions!of!a!genome!and!segmental!duplications,!erroneous!segmental!duplications!are!likely!to!remain!an!issue!in!de#novo!genome!assemblies.!!Furthermore,! unsequenced! bases,! used! to! fill! gaps! between! contigs! in! a!scaffold,!make! up! 2,509,483! bp! of! the! total! length.! This! accounts! for! a! considerably!higher! proportion! of! the! genome! than! the! equivalent! in! the! reference! strains! of! E.#
histolytica,! E.# dispar! and! E.# invadens! (Table! 2.3.1).! Therefore,! whilst! it! can! be!considered!of!high!quality,!a!second!mappingMbased!assembly!could!still!considerably!improve!the!assembly!in!the!future.!A!second!round!of!sequencing!and!assembly!may!also! serve! to! concatenate! some! of! the! contigs! into! scaffolds! and! resolve! potential!heterozygous!regions!misrepresented!as!segmental!duplications.!!
!
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NCBI!WGS!Projects!AANV02!and!AANW03;!and!the!doubleMasterisked!(**)!figure,!taken!from![49].!
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Statistic&
E.)histolytica)
E.)dispar)
E.)in
vaden
s)
E.)m
oshkovskii&
Genome!length!(bp)!
20,799,072!
22,955,291!
40,888,805!
25,247,493!
GC!content!(%)!
24.20!
23.53!
29.91!
26.54!
NonMACGT!(%)!
0.31!
0.56!
0.93!
9.94!
Number!of!scaffolds!
1,496!
3,312!
1,149!
1,147!
N50!of!scaffolds!(bp)!
49,118!
27,840!
243,235!
40,197!
Average!scaffold!size!(bp)!
13,903!
6,931!
35,586!
19,190!
Number!of!contigs!
M!
M!
M!
3,460!
Average!contig!size!(bp)!
M!
M!
M!
935!
Average!coverage!depth!
12.5x**!
4.32x*!
4x*!
82.65x!
&&&
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o.!Annotation!files!upon!which!statistics!are!based!were!obtained!from!AmoebaDB!v2.0.!Note,!E.#histolytica!statistics!
only!include!proteinMencoding!genes.!They!do!not!include!the!27!tRNAMencoding!genes!in!the!genome!that!bring!the!total!gene!count!to!8,333!genes.!
A!total!of!458!CEG!families!exist.!
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Statistic&
E.)histolytica)
E.)dispar)
E.)in
vaden
s)
E.)m
oshkovskii&
No!of!CDSs!
8,306!
8,748!
11,549!
12,449!
Avg!Gene!size!(bp)!
1,280!
1,259!
1,401!
1,230!
%!coding!DNA!
50.12!
46.62!
38.01!
59.04!
Avg!protein!size!(aa)!
418!
408!
449!
399!
Avg!Intergenic!dist!(bp)!
1,223!
1,365!
2,139!
798!
Proportion!of!multiMexon!genes!(%)!
24.16!
30.73!
34.48!
26.24!
Avg!intron!size!(bp)!
74!
81!
104!
89!
Avg!no!of!introns!per!spliced!gene!
1.27!
1.34!
1.48!
1.31!
Number!of!CEG!families!
372!
358!
356!
368!
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2.3.2$Prediction$of$gene$models$in$the$Entamoeba)moshkovskii)Laredo$genome$!! Gene!models!were! predicted! for! the! newly! sequenced!E.#moshkovskii! Laredo!genome! so! as! to! establish! the! genetic! content! and! functions! available! to! this! little<studied! species.! The! gene!models! used! to! train! gene! prediction! software!AUGUSTUS!totalled!197,!with!57!of!these!having!multiple!exons!in!an!approximate!estimate!of!the!3:1!ratio!seen!in!the!E.#histolytica!gene!set!(for!full!training!sequences,!see!Appendix!C,!File! C.1).! The! preliminary! E.# moshkovskii# Laredo! gene! set! produced! by! AUGUSTUS!totalled!15,711!genes.!The!6,092!sequences!with!RBHs!against!E.#histolytica!genes!were!accepted!as! legitimate!models.!As!determined!by!Wilcoxon!rank!sum!tests,! the!9,619!models!without!RBHs!demonstrated!statistically!significantly!different!characteristics!to!the!other!group!in!both!model!lengths!(W!=!39453778,!p<value!<!2.2e<16,!two<tailed!test)!and!AUGUSTUS!confidence!scores!(W!=!39530924,!p<value!<!2.2e<16,!two<tailed!test).!As!such,!these!two!characteristics!were!used!to!discriminate!between!‘good’!and!‘poor’!gene!models!(Figure!2.3.3).!!!
!
Figure$ 2.3.3.$ Average$ AUGUSTUS$ confidence$ scores$ and$ average$ lengths$ of$
predicted$Entamoeba)moshkovskii$ Laredo$ gene$models$with$ and$without$RBHs$
against$ genes$ in$ Entamoeba) histolytica)HMD1:IMSS.$ Black! columns! show! average!gene!lengths;!white!columns!show!average!AUGUSTUS!confidence!scores.!!
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$
Figure$2.3.4.$Cumulative$frequency$comparisons$of$a)$lengths,$and$b)$AUGUSTUS$
confidence$ scores,$ of$ those$ Entamoeba) moshkovskii$ gene$ models$ with$ a$ RBH$
against$an$orthologue$in$Entamoeba)histolytica$and$those$without$a$RBH.!Dashed!lines!represent!models!with!an!RBH;!solid!lines!represent!models!without!an!RBH.!Red!lines!represent!cutoff!values!applied!to!define!‘high<score’!and!‘long’!models.!
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Approximately!95%!of!E.#histolytica#HM<1:IMSS!CDSs!are!greater!than!350!bp!long.! This! length! was! chosen! as! an! appropriate! cutoff! value! below! which! non<RBH!!!!!!!!
E.# moshkovskii! gene! models! could! be! omitted.! The! criterion! removed! 1,622! gene!models.!Only! 190! sequences!with! an!RBH!would!have! been! omitted! by! this!method,!had! the! RBH! gene!models! been! included,! demonstrating! the! difference! between! the!two! sets! of! sequences! and! the! appropriateness! of! 350! bp! as! a! cutoff! value! (Figure!2.3.4.a).! Approximately! 90%! of! genes! with! RBHs! were! assigned! an! AUGUSTUS!confidence!score!of!0.75!or!greater.!Non<RBH!models!with!an!AUGUSTUS!score!equal!to,! or! greater! than,! this! value! and! with! lengths! exceeding! 350! bp! were,! therefore,!accepted!as!legitimate!models!in!the!gene!set!(Figure!2.3.4.b).!Of!the!2,503!gene!models!greater! than! 350! bp! in! length! but! possessing! relatively! poor! AUGUSTUS! confidence!scores,!863!gene!models!hit!E.#histolytica!HM<1:IMSS!genes!with!an!E<value!of!at!least!1e<5!when!entered!into!a!BLASTP!search!against!them.!When!added!to!the!models!that!met!the!previously!described!criteria,!E.#moshkovskii!was!predicted!to!possess!12,449!genes.! !The!number!of!genes!attributed!to!E.#moshkovskii!is!greater!than!those!seen!in!any!of!the!other!three!species!studied!in!this!chapter!(Table!2.3.2).!The!average!length!of!the!E.#moshkovskii!predicted!gene!models! is!similar!to!those!of!E.#histolytica#and!E.#
dispar,!but!slightly!shorter!than!that!of!E.#invadens.!Taken!together,!these!values!mean!that!E.#moshkovskii!is!also!predicted!to!contain!the!greatest!proportion!of!coding!DNA,!separated! by! the! shortest! average! intergenic! distances! (Table! 2.3.2).! However,! the!concatenated! contigs! not! assembled! into! scaffolds! may! artificially! inflate! the! gene!count!in!the!E.#moshkovskii#Laredo!assembly,!as!is!discussed!in!Section!2.3.3.!!!The!proportion!of!multi<exon!genes!in!E.#moshkovskii!is!predicted!to!be!similar!to!the!proportions!seen!in!E.#histolytica#and!E.#dispar,!with!a!value!inbetween!those!of!the!two!other!species.!The!average!number!of!introns!in!multi<exon!genes!is!similarly!related!to!the!values!of!the!other!two!species,!whilst!the!average!length!of!introns!in!E.#
moshkovskii!is!higher.!As!is!the!case!with!every!statistic!concerning!gene!models!other!than!the!percentage!of!the!genome!made!up!of!coding!DNA,!E.#invadens!demonstrates!greater!values!regarding!multi<exon!genes!than!the!other!three!species!(Table!2.3.2).!!!As! the!manually! curated! gene! set! used! to! train! AUGUSTUS!was! based! upon!gene! models! in! E.# histolytica,! it! is! unsurprising! that! the! statistics! relating! to! the!!!!!!!!!!!!!!!
E.# moshkovskii# gene! set! are! similar! to! those! seen! in! E.# histolytica.! E.# histolytica!
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possesses!the!best!studied!of!the!genomes!here!and!is!the!only!one!to!have!a!manually!curated!assembly!and!gene!set.!This!improves!confidence!in!the!gene!set!predicted!for!
E.#moshkovskii.!However,!it!does!also!come!with!the!caveat!that!gene!models!unique!to!
E.#moshkovskii#are!at!greater!risk!of!being!omitted!and!that!any!mistakes!or!omissions!in!the!E.#histolytica!gene!set!could!be!carried!into!the!E.#moshkovskii#set.!!Such!limitations!were!potentially!seen!in!the!results!of!a!BLASTP!search!against!the!Entamoeba! species’! sequences!with! the!CEG!protein! set! [114,!167,!168].! In! total,!368!of!the!458!CEG!gene!families!were!found!to!have!orthologues!in!the!Laredo!gene!set,!with!only!4!more!families!being!present!in!HM<1:IMSS.!This!may!be!indicative!of!a!deficiency! in! the! E.# histolytica! annotation,! which! led! to! a! similar! deficiency! in! E.#
moshkovskii.!However,!only!358!CEG!families!are!found!in!E.#dispar!and!only!356!in!E.#
invadens,! suggesting! that! this! is! actually! a! result! of! the! relative! distance! between!
Entamoeba! and! the! genera! used! to! generate! the! CEG! database.! The! BLAST! results!imply!that!the!CEG!protein!set!should!be!reduced!to!account!for!more!distant!species.!The! relative! relationships! of! the!Entamoeba! genus!with! other! eukaryotic! genera! are!investigated!further!in!Section!2.3.5.!!!The!risks! inherent! in!using!automated!gene!prediction!software!must!also!be!considered.!During!an!update!of!physical!annotations!in!the!gene!set!to!be!included!in!the! release! of! AmoebaDB! v4.0,! after! much! of! the! work! for! this! project! had! been!completed,!6!genes!in!E.#moshkovskii!Laredo!were!found!to!have!incorrect!coordinates!(Appendix! A,! Table! A.3).! However,! the! changes!made!were!minimal! and! should! not!have! affected! the! BLAST! searches! and! subsequent! generation! of! orthologous! groups!carried! out! in! this! chapter! to! a! great! degree,! if! at! all.! This! indicates! an! obvious!drawback!of!the!method!used,!one!that!is!a!risk!with!all!annotations!of!this!nature.!In!addition!to!the!possibility!of!exon!boundaries!having!been!inaccurately!modelled,!some!gene! models! may! have! been! omitted! altogether,! whilst! others! may! have! been!annotated!where!no!CDS!actually!exists.!For!example,! it! is!possible! that! the!potential!pitfalls! associated!with! assembling! a! genome! of! unknown! ploidy! (see! Section! 2.3.1)!have! resulted! in! individual! gene! sequences! being! annotated! multiple! times.! It! is!impractical! to!manually! curate!an!entire!genome,!however,! and! so! the!benefits!of! an!expedient!method!greatly!outweigh! the! relatively! small! cost! in!accuracy! that!may!be!introduced.! The! use! of! transcriptomic! data! would! be! likely! to! identify! where! CDSs!exist,! as! well! as! their! accurate! exon! boundaries.! Several! genome! assemblies! have!subsequently!been!improved!through!the!use!of!transcriptomic!data![195<197]!and!it!is!
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likely! that! the!E.#moshkovskii! Laredo!assembly!would!benefit! from! the! application!of!such! data! in! future.! Overall,! however,! it! can! be! said! with! confidence! that! the! E.#
moshkovskii! Laredo! assembly! represents! a! good! first! draft! of! the! genome,! which!provided!enough!data!to!make!the!comparative!genomic!study!that!follows!viable!and!informative.!!!!!!
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Figure$ 2.3.5.$ Proportions$ of$ functional$ and$ physical$ annotations$ in$Entamoeba)
moshkovskii$Laredo$gene$models.!Of!the!combined!2,839!partial!models:!31.91%!are!partial!at!the!5’!end!only;!39.70%!are!partial!at!the!3’!only;!20.75%!are!partial!at!both!ends;! 6.90%! are! partial! within! the! sequence! only;! 0.32%! are! partial! within! the!sequence!and!at! the!5’! end;! and!0.42%!are!partial!within! the! sequence!and!at! the!3’!end.!No!gene!models!are!partial!within!the!sequence!and!at!both!ends.!!!
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2.3.3$Adding$structural$and$functional$annotations$to$gene$models$!! Any! incomplete! gene!models,! potentially! arising! as! artefacts! of! the! assembly,!were! identified! and! annotated! accordingly! as! part! of! a! community! effort! to! improve!annotation! of! Entamoeba! genomes.! Incomplete! models! were! defined! as! those! that!began!or!ended!at!the!last!base!of!a!scaffold!or!contig,!were!situated!within!30!bp!of!an!unsequenced!region,!or!consisted!of!complete! triplet!codons!yet! lacked!a!methionine!start! codon! or! a! stop! codon.! Several! sequences! predicted! by! AUGUSTUS! contained!internal! stop! codons! as! a! result! of! splice! junctions! unevenly! splitting! triplet! codons.!These! 189! models! were! annotated! as! pseudogenes.! A! total! of! 9,495! genes! in! the!!!!!!!!!!!!
E.#moshkovskii!gene!set!are!predicted!to!be!complete!gene!models!(Figure!2.3.5).!!!! This! left! 2,954! incomplete! gene! models,! including! both! partial! genes! and!pseudogenes.!AUGUSTUS!was!theoretically!incapable!of!predicting!pseudogenes,!so!the!presence! of! at! least! 189! pseudogenes! in! its! output! highlights! its! limitations! in! this!respect.!Unfortunately,!as!stated!above,!such!relatively!limited!errors!are!a!necessary,!and!worthwhile,! cost! of! the! speed! and! overall! quality! of! automated!predictions.! The!accuracy! of! these! predicted! pseudogenes! cannot! be! determined! without! further!detailed! analysis! and! transcriptional! evidence,! which! fall! beyond! the! remit! of! this!project.!! The! contribution! of! the! gene!models! labelled! as! partial! to! the! proportion! of!coding!DNA!seen!in!E.#moshkovskii,!as!well!as!the!total!number!of!genes!predicted!for!the!Laredo!genome,!is!of!great!interest.!Of!the!2,839!partial!genes,!1,855!are!predicted!to! be! present! in! contigs,! rather! than! scaffolds.! The! average! size! of! these! contigs!!!!!!!!(935!bp)!is!lower!than!the!species’!average!gene!size!(1,230!bp).!As!such,!it!is!perhaps!unsurprising! that! 75.68%! of! the! gene! models! encoded! within! the! contigs! are!incomplete,!being!annotated!as!partial,! pseudogenes!or!both.!As! is! the! case! for! all! of!these!partial!genes,!it!may!be!that!AUGUSTUS!predicted!gene!models!in!some!of!these!regions! where! none! actually! existed,! or! individual! genes! may! have! been! split! into!multiple!parts! if! they! spanned!an!unsequenced! region,! in!which!case!one!gene!could!have!been!annotated! as!multiple! separate! sequences.!Alternatively,! the! inflated! gene!count! could! be! indicative! of! a! more! diverse! ‘lifestyle’! than! is! seen! in! the! obligately!parasitic!relatives!of!E.#moshkovskii.!Parasites!generally!evolve!to!have!reduced!genetic!material!as!they!can!manipulate!their!hosts!to!provide!for!them![198].!It!is!conceivable!that!E.#histolytica!and!E.#dispar!have!evolved!in!such!a!manner!whilst!E.#moshkovskii,!if!
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only! facultatively! parasitic,! would! require! a! larger! gene! repertoire! to! survive! when!outside! of! a! host.! Again,! further! analysis,! perhaps! in! the! form! of! a! second! round! of!sequencing,!should!be!considered!to!improve!this!draft!annotation.!!! To! add! functional! annotations! to! gene! models,! the! E.# moshkovskii! Laredo!protein! set!was! entered! into! reciprocal! BLASTP! searches! against! the! protein! sets! of!!!!!!!!
E.# histolytica! HM<1:IMSS! and!E.# dispar! SAW760,! using! default! parameters.!Where! an!!!!!!!
E.#moshkovskii! Laredo! protein! had! a! RBH! against! a! protein! from! either! of! the! other!species’!sets,!the!gene!by!which!it!was!encoded!was!annotated!with!the!same!function!as! its! orthologue.! CDSs! with! RBHs! in! both! E.# histolytica# HM<1:IMSS! and! E.# dispar!SAW760! were! thus! functionally! annotated! twice.! The! majority! of! genes! in! the!!!!!!!!!!!!!!!!!
E.#moshkovskii! genome!with! functional! annotations! are! orthologous! to! genes! in! both!!!!!!!!
E.# histolytica! and! E.# dispar! (Figure! 2.3.5).! In! total,! 50.20%! of! predicted! genes! are!functionally! annotated.! Their! functions! are! studied! in! greater! detail! in! Section! 2.3.4.!The! final! set! of! gene!models,! and! the! concatenated! assembly! upon!which! they!were!based,!have!been!made!publicly!available!as!part!of!AmoebaDB!v2.0,!released!on!11th!March!2013.!Functional!and!structural!annotations!were!included!in!AmoebaDB!v4.0,!released!on!8th!May!2014.!
#
2.3.4$SpeciesDspecific$gene$sets$and$a$core$Entamoeba$gene$set$
$! Strains! within! a! species! share! physiological! characteristics! and! genetic!sequences! that! define! the! species.! In! turn,! species! within! a! genus! share! traits! that!define! the! genus.! By! comparing! the! genetic! content! of! four! Entamoeba! species! –! E.#
histolytica,!E.#dispar,!E.#moshkovskii!and!E.#invadens!–!I!endeavoured!to!identify!the!gene!families! that! are! found! exclusively! in! each! of! the! four! species! as! well! as! those!conserved!in!the!genus,!which!constitute!a!‘core!Entamoeba!gene!set’.!Taken!together,!the!generated!data!have!shed!more!light!on!the!poorly!characterised!genus.!!
i.$Identifying$orthologous$clusters$! !When! clustering! orthologous! sequences! from! E.# histolytica,! E.# dispar,! E.#
invadens! and!E.#moshkovskii! using!OrthoMCL!v2.0.3,! a! 50%!cutoff! value!was! applied.!This! was! based! upon! the! average! similarity! of! ‘hits’! in! a! reciprocal! BLASTP! search,!using! default! parameters,! between! the! protein! sets! of! the! two! most! evolutionarily!distant!species,!E.#histolytica!and!E.#invadens!(54.19%).!Whilst!it!will!not!have!included!
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every!sequence!in!the!clustering!stage,!this!method!was!considered!relatively!inclusive!without!being!so!lenient!as!to!introduce!false!positive!associations!between!sequences!from!the!more!closely!related!species.!!MCL!was! tested!with!multiple! clustering! granularity! values! (1.2,! 2.0,! 3.0,! 4.0!and! 5.0).! A! value! of! 3.0! produced! the! greatest! number! of! direct! orthologues!!!!!!!!!!!!!!!!!!(i.e.!clusters!containing!one!gene!from!each!species).!Given!that!the!aim!of!the!task!was!to!identify!orthologous!clusters,!the!output!generated!using!this!value!was!selected.!All!proteins! from! all! four! species! were! included! in! the! comparison,! with! none! being!filtered!out.!Whilst!both! the!cutoff!scores!and!the!granularity!values!used!could!have!been! refined! further,! the! approaches! used! were! deemed! an! acceptable! trade<off!between!expediency!and!accuracy.!!Overall,! 4,704! gene! families! generated! by! OrthoMCL!were! shared! by! all! four!species! (Figure! 2.3.6;! Appendix! C,! File! C.2).! Comprising! 21,741! genes,! these! families!can! be! tentatively! considered! a! core! set! that! all! Entamoeba! species! possess.! The!number!of!genes!unique!to!each!species!positively!correlates!with!the!total!number!of!genes! in! their!genomes.!A!total!of!4,624!genes!were! found!to!be!unique!to! the!newly!annotated#E.#moshkovskii,!of!which!1,394!were!‘singletons’,!belonging!to!no!paralogous!family.!The!remaining!3,230!sequences!comprised!605!paralogous!clusters.!!The!total!number!of!gene!families!shared!between!pairs!of!species!reflects!the!phylogenetic! relationship! between! the! species:! E.# histolytica! and!E.# dispar! share! the!largest! number! of! gene! families! at! 6,134.! E.# histolytica# shares! slightly! more! gene!families! with! E.# moshkovskii! than! E.# dispar# does! (5,831! compared! with! 5,648).! E.#
invadens! shares!5,242! families!with!E.#moshkovskii,! 170!more! than! it!has! in! common!with! E.# histolytica! and! 303! more! than! it! shares! with! E.# dispar.! This! suggests! that!OrthoMCL!performed!a!logical!analysis!of!the!datasets.!There!are,!however,!limitations!to! the! usefulness! of! the! generated! core! gene! set.! The! comparisons!were! not!wholly!inclusive!of! the!Entamoeba!genus.!Of! the! four!species!analysed,! two!are!known!to!be!human<infective! and! one! is! strongly! suspected! of! being! so,! suggesting! a! strong!relatedness! that! is! reinforced! in! their! phylogenetic! arrangement! [45].! The! only!relatively! distant! species! in! the! comparison! is! E.# invadens,! which! means! that! the!majority! of! Entamoeba! species! are! not! included.! As! such,! it! is! likely! that! the! core!
Entamoeba!gene!set!is!an!overestimate!of!the!real!number!of!shared!genes!in!the!genus.!
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!!
Figure$2.3.6.$Venn$diagram$showing$numbers$of$unique$and$orthologous$genes$
and$ families$ in$ the$ genomes$ of$ Entamoeba) histolytica,) Entamoeba) dispar,)
Entamoeba) invadens$ and$ Entamoeba) moshkovskii.$ Numbers! are! based! upon!OrthoMCL!output.!Numbers! in!bold! represent!gene! families;!numbers! in! regular! font!represent!individual!gene!numbers.!!
$
ii.$SpeciesDspecific$gene$families$!! Analysis! of! the! gene! families! unique! to! each! of! the! species! (except! for!!!!!!!!!!!!!!!!!!!
E.#moshkovskii# for!which!non<orthologous! sequences! obviously! have!no! annotations)!revealed! several! interesting! characteristics! about! these! members! of! the! Entamoeba!genus!(for! full! lists!of! functions,! see!Appendix!A,!Table!A.4).! In!E.#histolytica’s!unique!gene!set,!three!of!the!four!most!prevalent!families!encode!surface!proteins.!The!largest!group! of! genes! encodes!BspA! sequences.! The! vast! BspA! family! (115! sequences! in!E.#
histolytica! alone)! lies!within! one! of! seven! subfamilies! containing! leucine<rich! repeat!regions.!At!least!one!BspA!protein!in!E.#histolytica!is!known!to!be!located!on!the!plasma!membrane! of! trophozoites! [199]! and! BspA! proteins! are! known! to! be! play! roles! in!adhesion! to! extracellular!membranes! in! both!Bacteroides# forsythus# and!Trichomonas#
vaginalis![200<202].!As!such,!the!family!has!a!clear!potential!role!in!amoebiasis,!which,!it! is! interesting! to! suggest,! could! explain! why! the! virulent! E.# histolytica! has! such! a!
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unique!expanded!set!of!BspA!genes.!Of!course,!as!only!a!subset!of!the!115!BspA!genes!in!E.#histolytica!are!unique!to!the!species,!it!is!possible!that!members!of!the!family!exist!in! several! of! the! Entamoeba! species! featured! in! this! project.! This! supposition! is!revisited!in!Section!2.3.6,!Part!i.!!! Twelve! genes! in! two! families! annotated! as! ‘mucin<like! protein! 1! precursors’!and! ‘mucin<5AC’!may!also!play!a!role!in!adhesion,!but!to!the!intestinal!mucosal! layer.!This,!however,!is!speculation!based!upon!ambiguous!annotation,!although!it!would!fit!with! the! theory! that!E.#histolytica!must!possess! some!genes! that!allow! it! to!establish!infections!where!E.#dispar!cannot.!It!would!be!interesting!to!study!how!a!‘knock!out’!of!these!genes!would!affect!trophozoites’!ability!to!adhere!to!the!mucosal!membrane.!
#! Eighteen!ariel1! surface!proteins! are! found! in! the!E.# histolytica<exclusive! gene!set,!as!well!as!2!orthologous!serine<rich!antigen!proteins.!Their!presence!in!this!gene!set! confirms! past! research,! which! noted! that! the! ariel1! family! was! present! in! E.#
histolytica!but!not!in!E.#dispar![203].!The!family!belongs!to!the!same!larger!family!as!the!SREHP!protein![204],!which!has!been!shown!to!have!some!use!in!immunising!against!amoebic! infection! [205].! It! is! interesting! to!note! that!E.# dispar! does!not!have!unique!copies!of!any!of!these!three!surface<bound!gene!families!and,!according!to!AmoebaDB,!it! has! no! copies! of! ariel1! whatsoever,! giving! credence! to! the! theory! that! proteins!involved! in! adhesion! play! essential! roles! in! establishing! infections! that! distinguish!between!E.#histolytica!and!E.#dispar.!! Twelve!members!of!the!AIG1!family!are!present!only!in!E.#histolytica,!whilst!13!are!found!only!in!E.#dispar.!These!GTPases,!originally! isolated!in!Arabidopsis#thaliana,!are! thought! to! confer! resistance! to! bacterial! infections! [206,! 207],! and! have! been!shown! to! be! more! highly! expressed! in! virulent! E.# histolytica! cell! lines! [15].! The!presence! of! commensal! gut! microbiota! in! the! species’! trophozoites’! environment!means!it!is!logical!for!them!to!have!a!large!number!of!genes!encoding!AIG1!proteins!(49!in!total!in!E.#histolytica).!What!is!unclear!is!why!the!two!species!have!so!many!unique!copies!when!they!are!challenged!by! the!same!microbiota.!Whilst!unlikely! to!be!a!key!factor! in! explaining! how! invasive! amoebiasis! begins,! this! is! an! interesting! difference!between!the!two!species.!!Of! arguably! greater! interest! are! the! unique! genes! encoding! 7! cysteine!proteases!and!3!peroxiredoxins!in!E.#histolytica.!The!occurrence!of!these!sequences!is!
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perhaps! to! be! expected! given! the! families’! roles! in! invasion! and! survival! of! ROS,!respectively;! abilities! that! are! known! to! be! key! parts! of! E.# histolytica’s! pathogenic!repertoire! [14,! 208,! 209].! However,! all! of! the! peroxiredoxin! sequences! are!pseudogenes,!as!are!5!of!the!7!cysteine!proteases.!The!two!complete!cysteine!protease!genes! are! expressed! at! relatively! low! levels! with! FPKM! values! of! 6.39! and! 52.06,!compared! with! the! most! highly! expressed! cysteine! protease’s! value! of! 7,729.12.! As!such,!it!would!appear!that!these!sequences!confer!no!advantage!upon!E.#histolytica!and!offer!no!explanation!as!to!why!this!species!is!pathogenic!in!humans!whilst!the!others!are! not.! It! is! possible! that! these! genes! are! not! as! significant! as! once! thought.! Their!evolutionary! relationships! to!other! sequences! in! their! families!are! studied! in!Section!2.3.7,!Parts!i!and!iv.!!! There! are! many! more! unique! genes! and! families! in! E.# invadens! than! in!!!!!!!!!!!!!!!!!
E.#histolytica! and!E.# dispar,# the! latter!of!which!possesses! a! relative!paucity!of!unique!genes.!Much!of! this! is! likely!a!direct!result!of! its! larger!gene!complement.!E.# invadens!possesses!genes!that!encode!a!number!of!cysteine!proteases,!thioredoxin!proteins,!heat!shock!proteins!and! lysozymes.!Without!greater!analysis!of! the!variation!between! the!members!of!these!families,!it!is!impossible!to!say!whether!or!not!this!large!number!of!unique! virulence! factors! is! required! to! allow! infection! of!E.# invadens’! range! of! hosts.!Conspicuous! by! its! absence,! however,! is! the! large! Gal/GalNAc! lectin! subunit! family.!Given!that!E.#invadens!is!capable!of!causing!amoebic!infections!in!a!variety!of!reptilian!hosts,! it! might! be! expected! that! it! would! possess! a! number! of! host<binding! lectin!subunits!not!seen! in! its!human<infective!relatives.! It!would!appear!that,!regardless!of!target!host,!these!proteins!share!enough!similarities!to!be!considered!orthologous.!This!is!considered!in!greater!depth!in!Section!2.3.8!Part!iii.!! As! in! all! three! species,! the! majority! of! the! genes! unique! to! E.# invadens# are!housekeeping!genes,!not!typically!associated!with!virulence.!For!example,!E.# invadens!possesses!214!unique!protein!kinases!and!a!large!collective!number!of!genes!involved!in! cytoskeletal! rearrangement.! The! existence! of! such! paralogous! gene! clusters! is!indicative!of!duplication!events!occurring!independently!within!each!species’!genome![153].! What! cannot! be! gleaned! simply! from! their! existence,! however,! is! how! these!paralogues!have!impacted!upon!diversification!within!the!Entamoeba!species.!!!Whilst! the! duplicates! have! obviously! become! fixed! in! the! populations,! they!could!have!evolved!since!their!duplication!in!a!number!of!ways.!Firstly,!they!may!have!
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not! accrued!many,!or! any,!mutations! if! their!duplication!of! an!existing!gene! function!was! advantageous! to! the! organism.! This! is! rare! but! it! is! possible! that! a! capacity! to!produce! a! greater! number! of! transcripts! could! be! selected! for! and! the! two! gene!sequences! conserved! [210,! 211].! More! often,! one! of! the! duplicates! will! accrue!mutations,!as! it! is! functionally! redundant.!This!can!result! in!a! slight!alteration! to! the!function!of!the!original!gene,!or! it!can!cause!changes!that!confer!a!distinctly!different!function!upon!the!duplicated!sequence![210<212].!Alternatively,!as!the!duplicate!is!not!under!any!selective!pressures,!it!can!accumulate!mutations!that!alter!the!structure!or!functional! capacity! of! the! gene,! which! would! otherwise! be! selected! against! in! non<redundant!genes.!This!can!result!in!pseudogenisation!of!the!gene![211],!as!is!seen!in!a!number!of!paralogous!clusters!in!E.#histolytica!(Table!A.4).!Whilst!their!exact!functions!and!the!roles!they!play!in!distinguishing!between!lifestyles!cannot!be!known!without!further! investigation,! it! is! important! to! note! that! these! genes,! in! addition! to! the!suspected! virulence! factors! mentioned! above,! play! important! roles! unique! to! the#
Entamoeba!species!investigated!here.!!
iii.$Gene$ontologies$within$the$speciesDspecific$gene$sets$!Whilst!studying!the!individual!gene!families!and!the!proteins!they!encoded!was!highly! informative! with! regards! to! certain! families,! it! revealed! nothing! about!unannotated!ones.!As!such,!I!chose!to!attribute!GO!terms!to!each!of!the!genes!unique!to!each!species!and!count!the!occurrences!of!each!GO!term!in!the!gene!sets.!It!was!hoped!that! this! would! give! a! more! general! overview! of! the! gene! functions! specific! to! the!different!Entamoeba!species.!However,!the!GO!terms’!annotations!were!found!to!be!too!specific! to! the! genes! for! which! they! were! originally! generated,! resulting! in! several!nonsensical! annotations,! including! ‘compound! eye! development! (GO:0048749)’! and!‘embryo!development!(GO:0009790)’.!!To! attain! a! more! general,! and! therefore! useful,! set! of! annotations,! these! GO!terms! were! divided! into! the! subgroups! ‘Components’,! ‘Functions’! and! ‘Processes’!within!each!species,! and!entered! into! the!online!program!CateGOrizer! to!be!grouped!into!more!general!GOA!Slim!categories.!An!individual!GO!term!can!be!associated!with!multiple!GOA!Slim! categories! and! can!be! attributed! to! a!GOA!Slim! category!multiple!times,! along! different! paths! of! a! directed! acyclic! graph! [213].! As! such,! the! total!numbers!of!associations!of!GO!terms!with!GOA!Slim!categories!can!be!higher!than!the!number! of! GO! terms! input.! Of! the! 4! generic! GO! Slim! classifications! offered! by!
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CateGOrizer,! the! GOA! Slim! annotations! were! chosen! as! they! grouped! GO! terms!together! into! a! meaningful,! but! limited,! set! of! categories.! Two! general! GOA! Slim!categories,!which!included!the!majority!of!the!GO!terms,!were!omitted!from!each!of!the!three!subgroups:!in!Components,!‘GO:0005575:!Cellular!Component’!and!‘GO:0005623:!Cell’;! in! Functions,! ‘GO:0003674:! ‘Molecular! Function’! and! ‘GO:0003824:! Catalytic!Activity’;!and!in!Processes,!‘GO:0008150:!Biological!Process’!and!‘GO:0009987:!Cellular!Process’.!!!!! Pairwise! and! multi<sample! Pearson’s! Chi<squared! tests! were! used! (with! the!Monte!Carlo!simulation!where!counts!were!less!than!5)!to!compare!the!proportions!of!GO! terms! allocated! to! each! GOA! Slim! category! for! the! species<specific! gene! sets.! An!alpha!level!of!0.05!was!used!for!all!tests.!Statistically!significant!differences!were!seen!in! 7! of! the! 10! Components! categories,! 20! of! the! 21! Functions! and! 13! of! the! 17!Processes!(Table!2.3.3).!Three!common!patterns!accounted!for!over!half!of!these!cases!(Figure!2.3.7;!Appendix!A,!Table!A.5).! In!7!GOA!Slim!categories,!all!proportions!were!similar!to!one!another!except!for!those!seen!in!E.#invadens.! In!a!further!11!cases!only!the! proportions! in! E.# histolytica# and! E.# dispar! were! similar.! Finally,! in! 4! categories,!similarities!were!seen!between!E.#histolytica!and!E.#dispar,#and!between!E.#invadens!and!
E.#moshkovskii.!!! Starting!with!the!categories!exhibiting!these!three!patterns,!the!proportions!of!
E.# histolytica! and! E.# dispar! genes! associated! with! macromolecule! metabolism! are!significantly! different! to! the! proportions! in! the! other! two! species.! A! similar! trend! is!seen!in!the!‘Metabolism’!category!in!which!the!proportions!differ!significantly!between!all!4!species.!The!highest!proportion!of!GO!terms!is!seen!in!E.#histolytica,! followed!by!!!!
E.#dispar,!then!E.#moshkovskii,!with!E.#invadens!providing!the!lowest!proportion.!These!differences!may,!however,!be! less! indicative!of!a! large!number!of!metabolism<related!genes! in!the!two!human!infective!species,!and!more!a!sign!of! losses!of!other!types!of!genes.! They! both! have! lower! proportions! of! genes! associated! with! many! different!processes!including!cell!communication,!differentiation!and!motility,!development,!and!regulation!of!biological!processes.!As! is!often!seen! in!obligate!parasites,! it! is!possible!that!E.#histolytica! and!E.#dispar#have! lost! the!ability! to!perform!certain! tasks!without!their!hosts![198,!214,!215],!but!have!retained!the!ability!to!carry!out!metabolic!tasks.!!Secondly,!a!similar!proportion!of!genes!unique!to!E.#moshkovskii!are!involved!in!antioxidant!behaviour!as!in!E.#histolytica!and!E.#dispar,!whilst!a!comparative!paucity!of!
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such!genes!is!seen!in!E.#invadens.!In!addition!to!this,!the!two!obligate!human!parasites’!genes! have! significantly! higher! proportions! of! associations! with! oxidoreductase!activity!than!E.#invadens#and!E.#moshkovskii.!Whilst!it!should!be!remembered!that!these!activities!are!also!employed!in!a!non<pathogenic!capacity,!this!is!possibly!indicative!of!lower!resistance!to!ROS!in!E.#invadens.!!!One!can!also!see!that!a!greater!percentage!of!E.#moshkovskii’s!unique!genes!are!involved!in!signal!transducer!activity,!required!to!trigger!changes!in!cell!function,!than!in! the! other! species.! A! relatively! greater! number! of! its! genes! are! involved! in! cell!communication!than!in!the!two!human<infective!species!too,!although!E.#invadens!has!a!similarly!high!proportion! involved! in! this!process.! ! It! is! interesting!to!speculate!as! to!the!reason!behind!these!differences.!Certainly,!it!is!feasible!that!E.#moshkovskii!needs!to!be! able! to! alter! cellular! functions! in! order! to! survive! in! different! environments!with!different! temperatures! and! acidity! levels.! However,! such! suggestions! could! only! be!verified!by!transcriptomic!data,!which!is!lacking!for!E.#moshkovskii!at!this!stage.!!Looking!beyond!the!three!main!patterns!of!association,!E.#dispar! lacks!unique!genes!associated!with!components!of! the!extracellular!matrix!and!extracellular!space!genes,!and!possesses!only!2!extracellular!region!associations!and!less!than!half!of!the!number!of!protein!binding!associations!as!E.#histolytica!(Table!2.3.3).!!Whilst!it!is!true!that! the! species!may!possess! some!genes! that!have!orthologues! in!one!or! two!of! the!other! species! but! not! all! three,! the! fact! that! the! other! species! contain! greater!proportions!of!unique!genes!with!these!associations!implies!that!they!have!more!genes!with!these!functions!overall.!This!supports!the!findings!in!Section!2.3.4,!Part!ii!that!E.#
dispar! perhaps! lacks! some! surface<bound! proteins.! It! may! be! that! its! surface!composition!differs!in!more!ways!than!just!the!Gal/GalNAc!lectin,!which!also!suggests!that! there! are! other! genes! involved! in! adhesion! that!may! play! a! similarly! important!role! to! the! lectin.! This! is! supported! by! the! fact! that! a! greater! proportion! of! genes!unique! to! E.# invadens! are! involved! in! selective! molecular! binding! than! in! the! other!three! species! despite! the! lack! of! unique! Gal! lectin! heavy! subunits.! A!wider! range! of!binding!molecules!makes!sense!considering!the!host!range!of!E.#invadens.!!!!
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!!
Figure$2.3.7.$Significance$of$ChiDsquared$test$results$between$proportions$of$GO$
terms$ from$Entamoeba) histolytica,$Entamoeba) dispar,) Entamoeba) invadens)and$
Entamoeba)moshkovskii$in$40$GOA$Slim$categories.$Crosses!indicate!comparisons!in!which! proportions! in! both! species! equalled! 0%,! so! p<values! could! not! be! generated.!GOA!Slim!categories:!!1)! Cytoplasm;! 2)! Extracellular! matrix! (sensu! Metazoa);! 3)! Extracellular! region;!!!!!!!!!!!!!!!!!!!!!!!4)! Extracellular! space;! 5)! Intracellular;! 6)! Membrane;! 7)! Nucleus;! 8)! Antioxidant!activity;!9)!Binding;!10)!Enzyme!regulator!activity;!11)!Helicase!activity;!12)!Hydrolase!activity;! 13)! Ion! transporter! activity;! 14)! Isomerase! activity;! 15)! Kinase! activity;!!!!!!!!16)!Ligase!activity;!17)!Lyase!activity;!18!Motor!activity!(Continued$overleaf)!
! 58!
!
(Continued$ from$ previous$ page):$ 19)! Nucleic! acid! binding;! 20)! Oxidoreductase!activity;! 21)! Protein! binding;! 22)! Protein! transporter! activity;! 23)! Receptor! activity;!!!!!!!!!!!!!24)! Signal! transducer! activity;! 25)! Structural! molecule! activity;! 26)! Transferase!activity;! 27)! Transporter! activity;! 28)! Biosynthesis;! 29)! Catabolism;! 30)! Cell!communication;! 31)! Cell! differentiation;! 32)! Cell! motility;! 33)! Development;!!!!!!!!!!!!!!!!!34)! Macromolecule! metabolism;! 35)! Metabolism;! 36)! Nucleobase,! nucleoside,!nucleotide! and! nucleic! acid! metabolism;! 37)! Regulation! of! biological! process;!!!!!!!!!!!!!!!38)!Response!to!stimulus;!39)!Secretion;!40)!Transport.!
!
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!
G
O
A
&Slim
&ID
&
ED
I&
EH
I&
EIN
&
EM
O
&
Statistics&
Com
p
on
en
ts&GO:0005737:!Cytoplasm!
20.81!
21.37!
14.62!
17.90!
χ 2!=!16.9944,!p'value!=!<!0.001!
GO:0005578:!Extracellular!matrix!
0.00!
0.95!
0.00!
0.41!
χ 2!=!14.6668,!p'value!=!0.002*!
GO:0005576:!Extracellular!region!
0.30!
2.48!
0.75!
1.07!
χ 2!=!15.3001,!p'value!=!0.001*!
GO:0005615:!Extracellular!space!
0.00!
0.95!
0.17!
0.08!
χ 2!=!15.4265,!p'value!=!0.002*!
GO:0005622:!Intracellular!
44.49!
43.89!
51.25!
42.61!
χ 2!=!20.5095,!p'value!<!0.001!
GO:0016020:!Membrane!
22.02!
19.08!
26.66!
30.13!
χ 2!=!23.2269,!p'value!<!0.001!
GO:0005634:!Nucleus!
10.11!
7.25!
5.15!
6.24!
χ 2!=!17.5126,!p'value!<!0.001!
Fu
n
ction
s&GO:0016209:!Antioxidant!activity!
1.55!
1.26!
0.05!
1.58!
χ 2!=!57.9926,!p'value!<!0.001*!
GO:0005488:!Binding!
30.98!
30.39!
37.91!
27.42!
χ 2!=!121.8086,!p'value!<!0.001!
GO:0030234:!Enzyme!regulator!activity!
0.85!
0.98!
1.10!
0.43!
χ 2!=!15.4211,!p'value!=!0.001!
GO:0004386:!Helicase!activity!
0.60!
0.35!
0.12!
0.35!
χ 2!=!9.9565,!p'value!=!0.019!
GO:0016787:!Hydrolase!activity!
14.39!
13.66!
12.01!
10.41!
χ 2!=!28.3263,!p'value!<!0.001!
!
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GO:0015075:!Ion!transporter!activity!
2.41!
2.52!
0.62!
2.31!
χ 2!=!47.0643,!p'value!<!0.001!
GO:0016853:!Isomerase!activity!
0.55!
0.70!
0.32!
0.21!
χ 2!=!10.7821,!p'value!=!0.013!
GO:0016301:!Kinase!activity!
7.17!
6.23!
12.01!
14.97!
χ 2!=!137.7319,!p'value!<!0.001!
GO:0016874:!Ligase!activity!
0.90!
1.33!
0.57!
0.29!
χ 2!=!137.7319,!p'value!<!0.001!
GO:0016829:!Lyase!activity!
0.60!
1.47!
0.17!
0.35!
χ 2!=!41.9066,!p'value!<!0.001!
GO:0003774:!Motor!activity!
0.05!
0.14!
0.15!
0.00!
χ 2!=!!9.0255,!p'value!=!0.029*!
GO:0003676:!Nucleic!acid!binding!
6.32!
4.62!
4.72!
4.44!
χ 2!=!11.7252,!p'value!=!0.008!
GO:0016491:!!Oxidoreductase!activity!
9.12!
7.91!
2.77!
5.26!
χ 2!=!126.6868,!p'value!<!0.001!
GO:0005515:!Protein!binding!
2.76!
5.88!
9.49!
5.76!
χ 2!=!111.7518,!p'value!<!0.001!
GO:0008565:!Protein!transporter!activity!
0.35!
0.63!
0.07!
0.16!
χ 2!=!18.0134,!p'value!<!0.001*!
GO:0004872:!Receptor!activity!
0.85!
0.56!
0.15!
0.73!
χ 2!=!18.2987,!p'value!<!0.001!
GO:0004871:!!Signal!transducer!activity!
3.06!
2.38!
0.50!
4.35!
χ 2!=!131.5486,!p'value!<!0.001!
GO:0005198:!Structural!molecule!activity!
1.85!
2.45!
0.27!
0.62!
χ 2!=!81.1735,!p'value!<!0.001!
GO:0016740:!Transferase!activity!
11.23!
11.48!
15.36!
17.43!
χ 2!=!62.0115,!p'value!<!0.001!
GO:0005215:!Transporter!activity!
4.41!
4.90!
1.45!
2.86!
χ 2!=!66.7445,!p'value!<!0.001!
!!!
!
!
!
!
!
!
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P
rocesses&GO:0009058:!Biosynthesis!
5.68!
5.36!
2.34!
2.10!
χ 2!=!125.4503,!p'value!<!0.001!
GO:0009056:!Catabolism!
2.79!
3.05!
4.35!
2.40!
χ 2!=!37.6463,!p'value!<!0.001!
GO:0007154:!Cell!communication!
5.89!
5.20!
8.51!
9.70!
χ 2!=!64.2153,!p'value!<!0.001!
GO:0030154:!Cell!differentiation!
0.42!
0.32!
2.67!
2.19!
χ 2!=!79.417,!p'value!<!0.001!
GO:0006928:!Cell!motility!
0.14!
0.43!
1.28!
1.42!
χ 2!=!41.4464,!p'value!<!0.001*!
GO:0007275:!Development!
2.05!
1.55!
4.14!
2.99!
χ 2!=!43.8864,!p'value!<!0.001!
GO:0043170:!Macromolecule!metabolism!
19.13!
19.08!
12.70!
14.88!
χ 2!=!77.9659,!p'value!<!0.001!
GO:0008152:!Metabolism!
30.53!
33.44!
22.87!
25.60!
χ 2!=!105.3392,!p'value!<!0.001!
GO:0006139:!Nucleobase,!nucleoside,!nucleotide!and!
nucleic!acid!metabolism!
7.17!
6.43!
5.84!
3.98!
χ 2!=!51.5633,!p'value!<!0.001!
GO:0050789:!Regulation!of!biological!process!
12.00!
11.09!
16.18!
17.73!
χ 2!=!82.4045,!p'value!<!0.001!
GO:0050896:!Response!to!stimulus!
10.48!
9.32!
11.95!
13.12!
χ 2!=!27.2197,!p'value!<!0.001!
GO:0046903:!Secretion!
0.11!
0.27!
0.08!
0.03!
χ 2!=!10.2852,!p'value!=!0.015*!
GO:0006810:!Transport!
3.11!
3.86!
6.61!
3.54!
χ 2!=!81.1489,!p'value!<!0.001!
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iv.$Gene$ontologies$within$the$core$Entamoeba$gene$set!! Whilst!it!was!practical!to!manually!count!the!numbers!of!gene!families!unique!to! the! individual!species,! the!number!of!gene! families! in! the!core!Entamoeba! set!was!too!large.!It!was!only!practical!to!attribute!GO!terms!to!each!of!the!genes!and!calculate!the!proportions!of!these!GO!terms!that!were,!in!turn,!associated!with!the!more!general!GOA! Slim! categories.! It! was! hoped! that! this! would! give! an! overview! of! the! gene!functions!found!in!all!Entamoeba!and!reveal!some!information!about!the!gene!set.!This!was!carried!out!using!the!same!method!as!used!in!Section!2.3.4,!Part!iii.!!A!total!of!3,261!core!families!(14,278!genes)!were!annotated!with!at!least!one!GO!term.!When!the!core!gene!set’s!GO!terms!were!associated!with!GOA!Slim!categories,!238,821!associations!were!made.!This!was!reduced!to!108,674!once!the!6!broad!GOA!Slim! categories! were! removed.! Eight! GO! terms! were! not! associated! with! a! GOA!category!in!Components.!Five!GO!terms!were!similarly!excluded!from!Functions,!with!eighteen! excluded! from! Processes.! GOA! Slim! terms! in! the! ‘Components’! subgroup!accounted! for! 14.86%! of! the! associations,! ‘Functions’! accounted! for! 34.19%,! and!‘Processes’!50.95%.!!! Unfortunately,! the! GO! associations! revealed! little! about! the! core! gene! set,!simply! suggesting! that! the! speciesVspecific! gene! sets!do!not!encode!any!components,!functions! or! processes! that! the! core! gene! set! itself! does! not! (Figure! 2.3.8).! One! key!observation! of! interest! was! made! however.! Firstly,! 83%! of! associations! between!Component! GO! terms! and! GOA! Slim! categories! in! the! core! gene! set! represent!intracellular!components.!This!is!hardly!surprising!given!that!the!vast!majority!of!cells’!components! are! intracellular;! however,! the! speciesVspecific! sets! all! contain! higher!percentages! of! membrane! components! and! extracellular! components! than! the! core!gene! set.! This! reinforces! the! suggestion! that! a! large! proportion! of! each! species’!membraneVbound! proteins! are! speciesVspecific! and! of! paramount! importance! in!distinguishing!between!Entamoeba!species.!
!
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2.3.5%Generation%of%Entamoeba/exclusive%gene%set%
%! Analysis! of! the! GO! terms! and! their! associations! with! GOA! Slim! categories!revealed!disappointingly!little!about!the!gene!families!found!in!all!Entamoeba!species.!The!core!gene! families! identified! thus! far!were!also!somewhat! limited! in!use!as! they!did!not!reveal!which!gene!families!were!found!exclusively!in!Entamoeba!species,!thus!were! important! in! the! parasitic! lifestyles! of! members! of! the! genus.! As! such,! it! was!necessary!to!compare!the!core!Entamoeba!gene!set!with!genomes!from!other!genera!to!identify!genes!present!in!all!Entamoeba!that!are!also!unique!to!the!genus.!This!would!also! reduce! the! number! of! families! to! one! that! it! was! practical! to! manually! count.!Comparisons! were! made! with! other! species! representative! of! the! Amoebozoa,! and!again! with! an! additional! species! that! allowed! the! group! to! represent! the! more!evolutionarily!distant!Unikonts!superfamily.!
%
i.%Orthologous%clusters%! !The! comparisons! involved! representatives! of! the! Dictyostelium! slime! mold!genus,!the!freeEliving!Acanthamoeba!and!the!Saccharomyces!yeast!genus.!Respectively,!these! representatives!were!D.5discoideum,!A.5 castellanii! and!S.5 cerevisiae.!Rather! than!running!OrthoMCL! independently! for! the!Amoebozoa!and!Unikont!gene!sets,!clusters!were!generated!for!the!Unikonts,!from!which!Amoeboza!clusters!were!extracted.!This!ensured! that! the! numbers! of! orthologous! gene! families! were! directly! comparable!between! the! two! cluster! sets.!When! clustering! orthologous! sequences! from! the! four!species,!using!OrthoMCL!v2.0.3,!a!35%!cutoff!value!was!applied.!This!was!based!upon!the! average! percent! similarity! of! ‘hits’! in! a! reciprocal! BLASTP! search! using! default!parameters!between!the!protein!sets!of!the!two!most!evolutionarily!distant!species,!E.5
histolytica!and!S.5cerevisiae!(35.25%).!As!in!Section!2.3.4,!an!optimal!granularity!value!of!3.0!was!applied!to!MCL.!One!sequence!from!A.5castellanii!5!amino!acids!in!length!was!filtered!out!prior!to!clustering.!!! Firstly,! let! us! consider! the! three! species! representing! the! Amoebozoa! –! E.5
histolytica,!D.5discoideum!and!A.5castellanii5(Figure!2.3.9.a).!In!the!same!way!that!shared!genes! between! the!Entamoeba! species!were! regarded! as! a! putative! core!Entamoeba!gene!set,! the!885! families!shared!between!the!three!genera!can!be!considered!a!core!Amoebozoa! gene! set.! It! contained!1,472!Entamoeba! genes! (17.72%!of!E.5 histolytica’s!total!gene!complement),!1,079!Dictyostelium!genes!(8.76%!of!D.5discoideum’s!total)!and!
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1,058!Acanthamoeba!genes!(6.74%!of!A.5castellanii’s!total).!As!expected,!the!number!of!genes!exclusive! to!each!genus!was!positively!correlated!with! the!number!of!genes! in!each! representative! species’! genome,!with!E.5 histolytica! possessing! 921! unique! gene!families.! E.5 histolytica! shared! more! gene! families! with! the! more! closely! related! D.5
discoideum!than!with!A.5castellanii,!reflecting!the!evolutionary!relatedness!of!the!three!species![216].!!!! When!expanding!the!comparison!to!include!the!Unikonts,!it!was!expected!that!the! number! of! core! gene! families! would! be! reduced! and! that! genusEspecific! family!counts! would,! conversely,! increase.!Whist! this! occurred,! it! was! to! a! relatively! small!degree! as! only! 42.28%! of! Saccharomyces! genes! were! shared! with! the! Amoebozoa!(Figure!2.3.9.b;!Appendix!C,!File!C.3).!The!Unikonts!core!gene!set!included!655!shared!families,! 230! fewer! common! families! than! were! seen! between! the! Amoebozoa.! The!core! set! comprised! 1,082! Entamoeba! genes,! 780! Dictyostelium! genes,! 751! from!
Acanthamoeba!and!798!from!Saccharomyces.!The!effect!on!the!number!of!gene!families!unique!to!E.5histolytica!was!minimal,!with!the!count!declining!by!just!10,!resulting!in!a!total! of! 67.96%! of! the! Entamoeba! representative’s! gene! set! making! up! the! genus’!exclusive!gene!set.!This!was!comparable!to!the!proportion!of!D.5dictyostelium’s!gene!set!that! was! genusEspecific! (67.00%)! but! considerably! lower! than! that! of! the!
Acanthamoeba!representative!(78.33%)!and!higher!than!that!of!S.5cerevisiae!(57.22%).!!The! comparison! involving! genera! representative! of! the! Unikonts! also!generated! gene! clusters! thought! to! be! shared! exclusively! by! members! of! the!Amoebozoa.! The! number! of! clusters! consisting! of! genes! present! in! species! from! the!
Entamoeba,!Acanthamoeba!and!Dictyostelium!genera,!but!not!the!Saccharomyces!genus,!totalled!230!(Figure!2.3.9.b).!This!count!is!lower!than!a!297Estrong!AmoebozoaEspecific!gene!set!previously!generated,!however!the!methodology!and!set!of!genes!used!in!the!earlier!study!were!considerably!different!to!those!used!in!this!project![217].!! Firstly,!the!earlier!work!predicted!the!presence!of!approximately!21,000!gene!models!using!an!incomplete!assembly!of!the!A.5castellanii!genome.!Conversely,!I!used!a!considerably! reduced! set! of! genes,! predicted! using! RNAESeq! data! and! based! upon! a!whole! genome! assembly! [136].! Secondly,! rather! than! the!OrthoMCLEbased! approach!employed!in!this!project,!which!made!use!of!the!E.5histolytica!gene!set!as!well!as!those!of!D.5 discoideum! and!A.5 castellanii,! the! 297Egene! set! was! generated! solely! using! the!results! of!BLAST! searches,!which!did!not! involve! the!Entamoeba! representative.!The!
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predicted!A.5castellanii!sequences!were!compared!with!the!gene!sets!of!D.5discoideum!and! a! number! of! nonEAmoebozoan! species,! with! stringent! parameters! applied! to!ensure!that!only!those!predicted!genes!with!strong!hits!to!D.5discoideum!and!relatively!poor!hits!to!nonEAmoebozoan!species!were!included!in!the!final!data!set![217].!Given!that! the!A.5 castellanii5gene! set! used! to! predict! the!previously! generated!AmoebozoaEspecific!gene!set!is!now!known!to!be!inaccurate,!and!the!methodology!only!made!use!of!two!species!in!the!clade,!the!difference!between!the!numbers!of!AmoebozoaEexclusive!genes!output!by!the!two!methods!was!not!considered!an!issue.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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a)%
!!
b)%
!!
Figure%2.3.9.%Venn%diagrams%showing%numbers%of%unique%and%orthologous%genes%
and% families% in% a)% the% genera% Entamoeba,% Acanthamoeba% and% Dictyostelium,%
representing% the% Amoebozoa;% and% b)% the% genera% Entamoeba,% Acanthamoeba,%
Dictyostelium%and%Saccharomyces,%representing%the%Unikonts.%Numbers!are!based!upon!OrthoMCL!output.!Numbers!in!bold!represent!gene!families;!numbers!in!regular!font!represent!individual!gene!numbers.!
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ii.%Gene%ontologies%within%the%Entamoeba/exclusive%gene%set%
%! Given! the! similarity! between! the! Amoebozoa! and! Unikont! comparisons,! it!seemed! unlikely! that! studying! the! GO! associations! in! both! sets! would! yield! more!information.!As! such,! only! the!UnikontEbased! gene! sets!were! analysed.! It!was! hoped!that! an! overview!of! the!GO! associations!within! each! genusEspecific! gene! set! and! the!core!Unikonts!gene!set!might!offer!some!broad!impressions!of!the!differences!between!the! genera.! As! in! Section! 2.3.4,! BLAST2GO! was! used! to! attribute! GO! terms! to! the!!!!!!!!!!!!!
E.5histolytica! and!A.5 castellanii! genusEspecific!gene!sets.!D.5discoideum!GO! terms!were!downloaded! from! the! DictyBase! web! resource.! S.5 cerevisiae! GO! terms! were!downloaded! from! the! Yeast! Genome! web! resource.! Both! downloaded! sets! required!modification!as!several!GO!terms!were!wrongly!labelled!as!‘Component’,! ‘Function’!or!‘Process’.!The!speciesEspecific!gene!sets’!GO! terms,!as!well!as! the!core!Unikonts!gene!set’s!GO! terms,!were!uploaded! to!CateGOrizer!and!grouped! into!GOA!Slim!categories!(Figure!2.3.10).!Within! both! the! ‘Components’! and! ‘Processes’! subcategories,! one!GO!term!was!excluded!because!it!could!not!be!associated!with!a!GOA!Slim!category.!! Relatively!few!GO!associations!were!made!for!the!EntamoebaEexclusive!genes.!Only!46.18%!of! the!genusEspecific!genes!were!annotated!with!GO!terms.!As!such,! the!information! that!can!be!gained! from!the!associations!of! the!GO! terms!with!GOA!Slim!categories!is!limited.!A!total!of!39,148!associations!were!made!for!the!genes!unique!to!
Entamoeba.! Once! reduced,! as! above,! to! 17,803! associations,! ‘Components’! made! up!12.11%,! ‘Functions’! 36.06%,! and! ‘Processes’! 51.83%.!Overall,! 22!GO! terms!were! not!associated! with! any! GOA! Slim! categories! –! 5! ‘Components’,! 2! ‘Functions’! and! 15!‘Processes’.! Pairwise! Pearson’s! ChiEsquared! tests! were! used! (with! the! Monte! Carlo!simulation!where!counts!were!less!than!5),!with!alpha!values!of!0.05,!to!compare!the!proportions!of!GO!terms!allocated!to!each!GOA!Slim!category!in!E.5histolytica!with!each!of!the!other!3!genusEspecific!gene!sets!(Appendix!A,!Table!A.6).!When!compared!with!
Dictyostelium,!the!most!closely!related!genus,!significant!differences!were!seen!in!28!of!the! 49! GOA! Slim! categories.! This! increased! slightly! to! 29! differences!with! the!more!distant! Acanthamoeba,! with! comparisons! with! Saccharomyces! producing! the! largest!number! of! significant! differences! at! 39,! as! might! be! expected.! Unfortunately,! these!differences! clarify! little! about! the! general! components,! functions! and! processes! that!distinguish!Entamoeba!from!other!genera!in!the!Unikonts.!
!
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2.3.6%Functions%of%Entamoeba/exclusive%gene%set%
%
% By! identifying! the! number! of! core! Entamoeba! families! identified! in! Section!2.3.4!with!at!least!one!member!present!in!the!gene!families!exclusive!to!the!Entamoeba!genus,! it! was! possible! to! generate! a! list! of! gene! families! theoretically! present! in! all!
Entamoeba! species,!but!not! in!any!other!Unikont!genus.!This! reduced! the!number!of!gene! families! to! one! for! which! it! was! practical! to! manually! count! occurrences! of!functions.!This!allowed!the! identification!of!gene! families! that!distinguish!Entamoeba!from!other!genera,!potentially!highlighting!families!directly!responsible!for!facilitating!amoebic!infections.!! It! is! important! to! note! that! this! should! not! be! considered! a! definitive! list! of!
EntamoebaDexclusive!gene!families.! It! is!unlikely!that!all!of! the!families! included!here!are!present!in!all!Entamoeba!species!and!no!other!genera.!As!such,!this!gene!set!should!be!edited!and!reduced!over!time!if!further!studies!seek!to!improve!it.!Currently,!there!are!2,981!such!EntamoebaDexclusive!gene!families,!comprising!13,672!genes.!Of!these!families,!1,798!comprise!gene!models!with!unconfirmed!functions!and,!as!such,!have!no!functional!annotations.! !The!remaining!clusters!were!grouped!by! function! to!provide!an!overview!of!the!families!that!define!the!Entamoeba!genus.!
%
i.%Most%prevalent%families%and%functions%!
% The! majority! of! the! identified! families! perform! diverse! or! poorly! defined!functions! so! could! not! easily! be! grouped! together.! However,! a! number! of! families!shared!functions!that,!together,!fulfil!particular!cellular!processes,!such!as!DNA!repair!and! ubiquitination! of! proteins.! These! groups! of! families! were! counted! alongside!frequently!occurring!individual!functions!(Figure!2.3.11).!The!most!prevalent!function!is! derived! from! the! highly! diverse! serine/threonine/tyrosine! protein! kinase!superfamily.! The! Ras! GTPase! superfamily,! and! its! associated! guanine! nucleotide!exchange!factors!and!GTPaseDactivating!proteins,!also!form!a!significant!proportion!of!the! core! EntamoebaDexclusive! gene! set,! making! up! 6.37%! combined.! The! Ras!superfamily!is!an!evolutionarily!conserved!group!of!proteins!that!perform!a!wide!range!of! cellular! functions! [218].!Additionally,!a! large!number!of! the! families!and! functions!most!often!seen!in!the!gene!set,!including!helicases!and!chaperones,!are!linked!to!DNA!and!RNA!assembly,!maintenance!and!repair.!
!
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Also!prevalent! in! large!numbers!were!several! families!whose! functions,!when!performed! by! so!many! genes,! are! indicative! of! a! genus! that! has! evolved! to! improve!survival!in!a!particular!niche.!This!includes!cytoskeleton>related!families!and!vesicular!and!vacuolar!protein!families.!Whilst!it!is!likely!that!the!majority!of!these!proteins!play!‘housekeeping’! roles,! it! is!possible! that!Entamoeba! species! require!unique! families!of!these!genes!for!engulfing!and!lysing!bacteria![12,!219].!If!these!families!played!such!a!role! it!would! certainly!be!necessary! for! allowing! the!Entamoeba! to! survive! in! a!host!environment.! Furthermore,! a! large! number! of! families! encoding! cell! membrane!transporters! and! pumps! are! also! exclusively! present! in! Entamoeba! species.! It! is!probable!that!these!transporters!are!required!for,!amongst!other!functions,!acquiring!nutrients!from!the!trophozoites’!colonic!environment.!Proteins!with!a!more!direct!link!to!the!genus’!parasitic!nature!are!members!of!the!BspA!family.!This!family!is!associated!with!adhesion! to!extracellular!membranes! [200>202].! It! is! interesting! to!suggest! that!these! family! members! may! play! a! major! role! throughout! the! Entamoeba! genus! in!enabling!a!parasitic!‘lifestyle’,!as!was!discussed!earlier.!
!
ii.!Virulence!factors!!Whilst!no!known!virulence!factor!families,!other!than!the!relatively!unstudied!BspA! family,!were!present! in! large!numbers! in! the!Entamoeba>exclusive!gene!set,!15!putative!virulence!factor!groups!were!identified!in!smaller!numbers!(Table!2.3.4).!!One!might! consider! that! some,! if! not! all! of,! these! families! are! essential! for! establishing!parasitic!amoebic!infections!in!a!range!of!hosts.!The!cysteine!proteases!and!Gal/GalNAc!lectins!have!long!been!considered!key!virulence!factors!in!the!genus![74,!81,!220>222].!Interestingly,! 8! thioredoxin! families,! responsible! for! reducing! oxidative! stress,! also!exist! in! the! gene! set! [209,! 223].! Thioredoxins! are!ubiquitous! [224],! so! it! is! probable!that!there!are!simply!a!greater!number!of!them!in!Entamoeba!species!than!in!the!other!Unikonts!studied!here.!However,!it! is!not!unreasonable!to!propose!that!some!of!them!play!roles! in! facilitating!a!parasitic! lifestyle.!The!roles!of! the!known!virulence! factors!seen!exclusively!in!Entamoeba,!as!well!as!several!others,!are!discussed!in!greater!detail!in!Section!2.3.7.!!Two! families!have!not!been!previously!discussed! in! the! literature!as!putative!virulence! factors! in! Entamoeba,! but! have! distant! orthologues! with! potentially!pathogenic! properties.! The! bullous! pemphigoid! antigen! triggers! an! autoimmune!response,!leading!to!blistering!of!skin!and!mucous!membranes![225,!226].!M!proteins,!
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meanwhile,! are! surface>bound! proteins,! some! of! which! act! as! virulence! factors! in!
Streptococcus/pyogenes![227].!Those!M!proteins!in!which!a!particular!signal!sequence!is!found!are!capable!of!stimulating!production!of!opsonic!antibodies!or!increasing!the!bacterium’s!resistance!to!phagocytosis.!!It! is! highly! improbable! that! the! proteins! annotated! as! bullous! pemphigoid!antigens! actually! fulfil! a! similar! pathogenic! role,! however! it! is! interesting! to! suggest!that!they!may!contain!domains!and!motifs!similar!to!those!seen!in!their!namesake!that!confer! similar! properties.! This! is,! however,! conjecture! as! no! information! regarding!domains!exists! to!confirm!or!deny! this! family’s! role! in!virulence.!Functional!domains!are,!however,!recognised!in!the!families!annotated!as!M!proteins.!The!functions!carried!out!by!some!M!proteins!in!Streptococci!could!conceivably!be!of!benefit! in!Entamoeba!infections.! However,! not! all! M! proteins! are! capable! of! such! virulence>inducing!properties! [228]! and! further!work!would! be! encouraged! to! discover!whether! the!M!proteins!seen! in!Entamoeba!have!the!domains!required!to!make!them!pathogenically!important.!!!!!!!!!!!!!!!!!!!!!
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Table! 2.3.4.! Frequencies! with! which! gene! families,! whose! members! or!
orthologues!are!known!to!act!as!virulence!factors,!exist! in!the!core!Entamoeba?
exclusive!gene!set.!!
Family!name/function! Count! Reference!Alcohol!Dehydrogenase! 1! [229]!Amoebapore!C! 1! [230]!Bullous!pemphigoid!antigen! 1! [225]!Cysteine!proteases! 6! [74,!220]!Gal/GalNAc!lectin!subunits! 5! [222]!Immuno>dominant!variable!surface!antigen! 1! [231]!Iron!hydrogenase! 2! [93,!94]!Iron>sulphur!flavoprotein! 2! [232]!M!protein! 2! [227]!Peroxiredoxin! 1! [209]!Rhomboid! 1! [98,!233]!Rubrerythrin! 1! [234]!Serine>Threonine>Isoleucine>Rich!Protein! 2! [86]!Thioredoxin! 8! [209,!223]!Type!A!flavoprotein! 2! [94,!235]!
!
!
2.3.7!Comparison!of!all!virulence!factor!families!in!the!Entamoeba!genus!! Having!identified!putative!virulence!factor!families!belonging!exclusively!to!the!
Entamoeba!genus,!I!next!chose!to!study!all!virulence!factors!present!in!E./histolytica,!E./
dispar,! E./ invadens! and! E./ moshkovskii.! Once! the! ubiquitous! families! were! identified!(Table! 2.3.5),! phylogenetic! analyses!were! carried! out! to! identify! if,! and!when! in! the!evolutionary! past,! expansions! or! redactions! of! orthologue! families! occurred.!Ultimately,!it!was!hoped!that!this!would!highlight!particular!genes!that!have!been!lost!or! gained,! or! whose! sequences! have! diverged! or! converged! over! time.! Greater!understanding!of! the! genus’! virulence! factors!may!help! identify! the! families! that! are!crucial!in!the!development!of!amoebiasis.!!It! has! been! proposed! that!E./ histolytica! demonstrates! long! branch! attraction!(LBA)! in! phylogenetic! relationships! with! members! of! other! genera! [217].! LBA! is!
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characterised!by!a!significantly!different!evolutionary!rate!to!the!expected!rate.!It!is!a!result!of!reduced!genome!size!in!obligate!parasites.! It! is!assumed!in!this!work!that,! if!any! Entamoeba! species! demonstrate! LBA,! they! are! all! likely! to! and! so! phylogenetic!comparisons!within!the!genus!are!a!viable!form!of!comparison.!Comparisons!of!branch!lengths,! representative! of! evolutionary! distances! between! genes,! were! manually!calculated.!Mann>Whitney>Wilcoxon!tests!(with!continuity!correction)!were!performed!for!each!data!set!using!alpha!values!of!0.05.!! A!total!of!29!virulence!factor!gene!families!were!studied!(Table!2.3.5).!Members!of! 12! of! those! families! interact! directly!with! host! proteins! and! cells.! Fourteen! other!families’! members! are! involved! in! metabolic! or! enzymatic! processes,! rather! than!outright! defensive! or! offensive! actions.! In! these! families,! having! an! impact! upon!virulence!could!almost!be!considered!a!convenient!coincidence.!Furthermore,!the!host!range! of! a! particular! species!would! not! be! expected! to! influence! gene! diversity.! The!final!three!families!have!unconfirmed!roles!in!pathogenicity.!!Of! the! ‘directly! virulent! families’,! three! contained! similar! numbers! of! genes!from! each! species! in! a! phylogenetic! arrangement! that! approximately! reflected! the!evolutionary! relationships! between! them! [189].! Eight! of! the! ‘metabolic! families’! and!two! of! the! unconfirmed! virulence! factors! demonstrated! this! typical! phylogeny! and!possessed!similar!numbers!of!coding!sequences!from!all!4!species.!!Within!many!of! the! gene! families! it!was! observed! that!E./ invadens! possessed!greater! numbers! of! genes! than! the! other! species.! It!was! suspected! that! this! implied!greater! variation! that! may! be! necessary! for! parasitising,! and! causing! disease! in,! its!wider! range! of! hosts.! This! theory!was! investigated! further! as! each! gene! family!was!studied!in!turn.!
!
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C2!protein!kinase![236]!
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Cysteine!protease!Family!A![74,!220]!
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Cysteine!protease!Family!B![74,!220]!
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i.#Indirect#virulence#factor#families#–#involved#in#ROS#protection#! Four! of! the! six! remaining! metabolic! families! are! involved! in! protecting!trophozoites! against! oxidative! stress,! a! challenge! most! notably,! but! not! exclusively,!faced! by!Entamoeba! in! the! host! bloodstream.! ! The! gene! numbers! and! arrangements!within!these!families!vary!but!they!all!lead!to!similar!conclusions.!Members!of!the!SOD!family!convert!ROS!to!O2!and!H2O2,!acting!as!the!first!in!a!chain!of!proteins!that!render!ROS! harmless.! The! family! conforms! to! the! typical! phylogeny! but! contains! expanded!sets!of!E.* invadens! and!E.*moshkovskii! sequences,! resulting! in! four!of!each,! compared!with!one!sequence!each!from!the!other!two!species.!Three!of!the!E.*invadens!sequences!were! nearly! identical! (mean! branch! length:! 1.33eJ5;! s! =! 5.77eJ06),! as! were! two!!!!!!!!!!!!!!!
E.* moshkovskii! sequences! (branch! length:! 1.00eJ5).! Overall! there! was! no! significant!difference!in!variability!between!the!two!species’!expansions.!! A! similar! situation! was! seen! in! the! NADPH:flavin! oxidoreductase! family,! the!members!of!which!convert! the!O2!produced!by!SOD!into!H2O2.!For! the!most!part,! the!family! conforms! to! the! typical! phylogenetic! arrangement! expected;! however,! an!expansion! containing! five! E.* histolytica! genes! has! contributed! to! there! being!considerably! more! genes! from! that! species! than! from! any! of! the! others.! Branches!between!the!members!of!this!expanded!clade!are!very!short!(mean!length:!0.010318;!!!s! =!0.006502),! indicating! relatively! few!differences!between! the! sequences.!RNAJSeq!expression!data!downloaded!from!AmoebaDB!v2.0!was!used!to!assess!the!functionality!of!these!genes.!The!FPKM!values!for!the!expanded!clade!ranged!from!0.727!to!27.226,!which! is! particularly! low! when! compared! with! the! maximum! known! value! in! this!family!of!466.989.!Taken!together,! these!observations!suggest! that!E.*histolytica!does!not!gain!any!additional!functionality!or!variability!from!its!additional!genes.!!Peroxiredoxin! forms! the! final! part! in! the! chain! of! proteins! designed! to!neutralise! ROS,! converting! the!H2O2! produced! by! the! other! two! proteins! into!water.!The! family! consists! of! two! major! clades,! one! of! which! is! made! up! of! three! large!expansions.! One! expansion! contains! 22! nearJidentical! E.* dispar! sequences! (mean!branch! length:! 0.027049;! s! =! 0.028944);! another! contains! 8! closely! related!!!!!!!!!!!!!!!!!!!!!!
E.*histolytica*sequences!(mean!branch! length:!0.009314;!s!=!0.007994);!and!the!third!contains! 10! E.* invadens! sequences! (mean! branch! length:! 0.612409;! s! =! 0.454135).!Variation! between! the! E.* invadens! sequences! is! significantly! greater! than! that! seen!between!the!E.*histolytica!sequences!(pJvalue!<!0.001),!which!is,! in!turn,!greater!than!
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that! seen! between! the!E.* dispar! sequences! (pJvalue! =! 0.012).! According! to! RNAJSeq!data,!only!three!of!the!E.*histolytica!peroxiredoxin!genes!are!expressed!at!a!relatively!high! level! in! trophozoites! (FPKM! values! between! 56.456! and! 704.433).! The! five!remaining! genes! are! expressed! very! little! (values! range! from! 0.292! to! 12.676),!suggesting!that!these!sequences!lack!functionality.!!!The! fourth!and! final! atypical! family! involved! in! countering!oxidative! stress! is!the!thioredoxin!gene!family,!which!forms!a!paired!system!with!the!typical!thioredoxin!reductase!family.!It!has!a!greater!number!of!genes!from!E.*moshkovskii!than!from!any!other! species,! due! to! the! presence! of! an! expanded! clade! including! four! sequences,!which! also! includes! an! E.* moshkovskii! pseudogene.! The! E.* moshkovskii* sequences!demonstrate!relatively!high!similarity!(mean!branch!length:!0.087867;!s!=!0.063244).!The!fact!that!one!sequence!in!the!closely!related!clade!has!been!pseudogenised!implies!that!these!additional!sequences!offer!no!advantage!to*E.*moshkovskii.!!!Considering! the! above! observations! as! one,! it! seems! unlikely! that! gene!duplications! and! clade! expansions! have! conferred! any! greater! functionality! or!variability!on!the!abilities!of!the!different!Entamoeba!species!to!counteract!ROS!using!this!chain.!Given!the!relative!lack!of!variability!between!the!members!of!the!expanded!clades,!the!differences!in!gene!numbers!in!the!families!appear!simply!to!be!the!result!of!multiple! gene! duplications.! As! such,! it! seems! unlikely! that! survival! of! ROS! is! a! key!differential! between! the! four! Entamoeba! species! studied! here.! This! is,! perhaps,!unsurprising,!given!that!entrance!into!the!host!bloodstream!commences!extraintestinal!infections,!which!are!counterproductive!to!the!parasite’s!life!cycle,!and!are,!in!fact,!not!seen!in!E.*dispar!infections.!!
ii.#Indirect#virulence#factor#families#–#other#families#of#interest#!! E.* invadens! and!E.*moshkovskii! both!have!greater!numbers!of! lysozyme!genes!than!their!counterparts!due!to!multiple!duplications!in!each,!plus!a!small!expansion!in!
E.* invadens.! The! two! sets! of! genes! are! similarly! variable,! with! both! species!demonstrating!significantly!greater!variability!in!these!expansions!than!they!do!in!the!families!discussed!above!(E.*moshkovskii!sequences!when!compared!with!both!SOD!and!thioredoxin! sequences:! pJvalue! <! 0.001;! E.* invadens! sequences! compared! with!peroxiredoxin! sequences:! pJvalue! <! 0.001),! with! the! exception! of! the! E.* invadens!expansion!in!the!SOD!family.!The!variation!seen!in!this!family!is!unexpected!given!that!
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lysozymes! are! internal! structures! so! one! would! imagine! that! there! would! be! little!requirement! for! the! two! species! exposed! to! the!most! variable! environments! to!have!additional!members!of!the!virulence!factor!family.!It!is!possible!that!this!is!indicative!of!losses! in! the! obligately! parasitic! E.* histolytica! and! E.* dispar,! though! further!investigation!would!be!required!to!confirm!this.!! The! cysteine! protease! binding! protein! (CPBP)! family! contains! several! typical!clades.!There!is,!however,!a!clade!containing!an!eightJgene!expansion!of!E.*moshkovskii*sequences.! There! are! two! E.* histolytica! genes! in! this! clade.! Both! are! expressed! at!relatively!low!levels!(9.693!and!0.013),!compared!with!the!highest!FPKM!value!in!the!family! of! 240.537,! suggesting! a! lack! of! improved! functionality! resulting! from! the!expansion,!at!least!in!E.*histolytica.!!Overall,!these!results!suggest!that!there!are!few!important!differences!between!the! metabolic,! or! indirect,! virulence! factor! families! of! the! four! Entamoeba! species.!Increased! gene! numbers! do! not! appear! to! be! indicative! of! greater! functionality! and!they!are!rarely!a!cause!of!evolved!variability.!Whilst!the!literature!leaves!little!doubt!as!to!their!classification!as!virulence!factors,!it!would!appear!that!differences!in!proteins!that! do! not! interact! directly! with! host! cells! cannot! account! for! differences! in!pathogenicity.!!!!!!!!!!!!!! !!!
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!!
a)#Superoxide#dismutase!!
Figure#2.3.12.#Phylograms#of# the#Entamoeba#virulence# factor# families# indirectly#
involved#in#virulence#that#demonstrate#atypical#phylogeny.#E.*histolytica*sequences!are! represented! by! yellow! text,! E.* dispar! sequences! by! red! text,! E.* moshkovskii!sequences!by!green! text,!and!E.* invadens! sequences!by!blue! text.!Red!boxes!highlight!clades!in!which!pseudogenes!were!identified.!They!are!linked!to!red!boxes!showing!the!same!clades!when!phylogeny!was!calculated!using!nucleotide!sequences,!including!the!pseudogenes.!Scale!bars!in!red!boxes!represent!nucleotide!phylograms.!All!phylograms!are! midpoint! rooted.! Bootstrapping! was! performed! for! 1,000! replicates.! Bootstrap!values!of!1,000!are!represented!by!asterisks! (*).!Bootstrap!values!below!400!are!not!shown.!!!!!!!!
#
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#
b)#NADPH:flavin#oxidoreductase#!
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#
c)#Peroxiredoxin#!!!!
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!!!!!!!!
#!
!
d)#Thioredoxin#!!!!!!!!!!!
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#
e)#Lysozyme#!!
! 91!
!
f)#Cysteine#protease#binding#proteins#
#
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iii.#Direct#virulence#factor#families#–#Gal/GalNAc#lectins#! The! heavy! Gal/GalNAc! lectin! subunit! allows!Entamoeba! species! to! adhere! to!host! cells! by! binding! to! Galactose! (Gal)! and! NJacetylJDJgalactosamine! (GalNAc)! on!their!membranes![222].!It!is!known!to!be!heavily!conserved!in!E.*histolytica,!with!each!protein!containing!a!104!amino!acid!CRD![27,!249].!Whilst!comparing!expansions!and!redactions! of! gene! families! between! Entamoeba! species! it! was! interesting! to!investigate!how!well!conserved!the!CRD!was! in!other!members!of! the!genus.!Greater!understanding!of!this!potential!vaccine!target!could!help!inform!treatments!of!amoebic!infections.!! The! heavy! Gal/GalNAc! lectin! subunit! family! contains! expansions! in!!!!!!!!!!!!!!!!!!!!!!!!
E.* histolytica! and! E.* moshkovskii,! as! well! as! an! expansion! in! E.* invadens! containing!approximately!twice!as!many!sequences!(Figure!2.3.14.a).!The!genes!in!the!expanded!
E.* invadens! clade! are! significantly! more! diverse! than! the! genes! in! the! other! two!expanded!species!(based!upon!branch!lengths!compared!with!E.*histolytica,!pJvalue!<!0.001;!compared!with!E.*moshkovskii,!pJvalue!=!0.045).!Importantly,!there!are!only!two!
E.*dispar!genes!in!the!family.!A!lack!of!proteins!required!for!adherence!to!host!cells!may!explain!why!invasive!disease!is!seen!so!infrequently!in!this!species![2,!33].!This!could!be!a!crucial!characteristic!of!E.*dispar!that!distinguishes!it!from!its!pathogenic!relatives.!!A!multiple!sequence!alignment!was!performed!for!the!heavy!Gal/GalNAc!lectin!subunits! in! each! species! to! compare! and! contrast! CRDs! (Figure! 2.3.13).! In!!!!!!!!!!!!!!!!!!!!!!!!!
E.*histolytica’s!heavy!Gal/GalNAc!lectin!1!sequence!the!CRD!lies!between!residues!899!and! 1002! [27].! TwentyJfour! residues,! 10! of! which! were! cysteine! residues,! were!conserved!between!all!five!E.*histolytica!sequences!when!the!alignment!of!the!shorter!EHI_046650!was!manually! edited.!Without! that!outlying! sequence,! all! but!6! residues!were! conserved.! In! this! case,! every! difference! was! seen! in! the! sequence! Hgl2!(EHI_012279).! ! This! is! very! much! in! line! with! the! conservation! described! in! the!literature! [249].! The! two! E.* dispar! sequences’! CRDs! share! 29! conserved! residues.!Twelve! of! these! are! cysteine! residues,! including! the! 10! seen! in! the! conserved!motif.!These!sequences!clearly!demonstrate!greater!variability!than!those!in!E.*histolytica!but,!crucially,! they!both!contain! the!cysteineJrich!motif! seen! in! their! close! relative.! In! the!expanded! set! of! E.* invadens! heavy! Gal/GalNAc! lectin! paralogues,! every! sequence!contained!the!same!cysteineJrich!motif!within!the!CRD,!though!the!sequences!between!the! cysteine! residues!varied!more! than! in!E.*histolytica.! Even!omitting!a! significantly!
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shorter! sequence! (EIN_018210)! and! the!member! of! the! distant! clade! (EIN_149390),!only!25!amino!acids,!10!of!which!were!cysteine! residues,!were!conserved!within! the!CRD.!!! In! E.* moshkovskii! only! the! sequence! EMO_g1010! appears! to! be! complete.!EMO_g1855!contains!an!internal!gap,!whilst!the!other!two!sequences!are!suspected!of!lacking!3’!ends.!These!are!artefacts!of!the!E.*moshkovskii*Laredo!genome!assembly.!The!conserved! CRD! motif! of! 10! cysteine! residues! is! complete! in! the! annotations! of!EMO_g6677! and! EMO_g1010!with!manual! refinement! of! the! assembly;! however,! the!two!remaining!sequences!are!both!incomplete!beyond!the!fourth!cysteine!residue.!The!three! E.* moshkovskii* sequences! that! are! clustered! together! in! Figure! 2.3.14.a! share!68.57%! of! their! first! 926! alignment! positions! (excluding! the! first! 12! amino! acids! of!EMO_g1855,! which! have! no! homologous! residues,! suggesting! the! sequence! should!actually!begin!at!position!13),!implying!that!the!sequences!are!highly!conserved!across!their!entire!lengths.!! These!data!show!that!the!highly!conserved!motif!of!10!cysteine!residues!within!the! CRD! is! present! in! every! species.! This! motif! is! most! likely! required! to! create! a!definitive! structural! arrangement! within! the! lectin! subunits.! Conversely,! the! amino!acid!sequences!between!these!residues!vary!between!and!within! the! four!species,!an!observation!supported!by!their!phylogenetic!relationships.!Vaccines!targeting!the!CRD!of! E.* histolytica! sequences! have! met! with! some! success! in! the! past,! so! it! would! be!interesting! to! revisit! this!potential!vaccine!candidate! in! light!of! this!new! information![250J252].!! The!intermediate!and!light!subunits!of!the!Gal/GalNAc!lectin!offer!considerably!fewer! differences! than! the! heavy! subunit! (Figures! 2.3.14.b! and! c).! The! intermediate!chain!group!shows!some!similarities!to!the!heavy!chain!group!in!that!there!is!a!large,!relatively!varied,!E.*invadens!expansion!raising!the!number!of!E.*invadens!genes!above!the! number! of! genes! seen! in! the! other! species! (mean! branch! length:! 2.962247;!!!!!!!!!!!!!!!!!s! =! 1.610896).! The! light! chain! family,!meanwhile,! contains! 2!E.* invadens! expansions!and! a! slightly! smaller! expansion! in! both! E.* dispar! and! E.* histolytica,! but! none! in! E.*
moshkovskii.! Again,! the! E.* invadens! expansions! are! more! variable! than! those! of! E.*
histolytica! (pJvalue! =! 0.002)! and! E.* dispar! (pJvalue! =! 0.002).! The! E.* histolytica!expansion!contains!a!poorly!expressed!gene!FPKM!value!of!4.091,!suggesting!a!relative!lack!of!importance!in!terms!of!functionality.!The!relative!lack!of!variability!in!the!light!
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and! intermediate! lectin! subunits,! when! compared! with! the! heavy! subunit! family,!suggests!that!the!smaller!subunits!are!less!crucial!to!the!success!of!amoebic!infections!than!the!heavy!chain!subfamily.!This!is,!perhaps,!unsurprising!given!their!roles!in!the!lectin! [81]! and! the! fact! that!we! have! seen! that! proteins! indirectly! involved!with! the!host!do!not!appear!to!demonstrate!great!variability!between!and!species.!!The!Gal/GalNAc!lectin!subunits!of!E.*invadens,!in!particular!the!heavy!subunits,!are!of!considerable!interest.!It!was!proposed!above!that!the!greater!numbers!of!genes!in!virulence! factor! families! seen! in!E.* invadens,*when!compared!with! the!other! three!species! featured! herein,! are! linked! to! the! species’! capacity! for! infecting! a! range! of!reptilian!hosts.!The!significantly!greater!diversity!seen!in!E.*invadens!heavy!Gal/GalNAc!lectin! subunits! suggests! that! these! proteins! in! particular!may!be! of! importance.! It! is!likely!that!E.*invadens!would!require!a!range!of!proteins!to!adhere!to,!and!parasitise,!a!range! of! hosts.! As! such,! one! can! theorise! that! the! variable! heavy! Gal/GalNAc! lectin!subunits,! suggested! above! as! key! determinants! in! the! development! of! invasive!amoebiasis,!are!a!key!family!in!allowing!E.*invadens!to!do!so.!!
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!!
Figure#2.3.13.#Alignments#within#species#of#Carbohydrate#Recognition#Domains#
within# heavy# Gal/GalNAc# lectin# subunits.! Conserved! cysteine! residues! are!highlighted! by! black! boxes.! E.* moshkovskii! sequences! were! aligned! to! Hgl1! in!!!!!!!!!!!!!!!!!!!!
E.*histolytica!to!improve!alignment.!!
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iv.#Direct#virulence#factor#families#O#Cysteine#proteases#!! The! cysteine!proteases! can!be!divided! into!3! subfamilies! –!A,!B! and!C.!When!considered!together,!these!three!subfamilies!highlight!interesting!differences!between!the!Entamoeba!species.!In!Family!A!(Figure!2.3.14.d),!there!are!more!E.*invadens!genes!than!there!are!genes!from!the!other!species,!and!a!notably!lower!number!of!E.*dispar!sequences.! The! higher! number! of! E.* invadens! genes! is! due! to! a! largely! variable!expansion! (mean! branch! length:! 0.814269;! s! =! 0.266459),! which! forms! part! of! the!clade! containing! the! two! most! highly! expressed! E.* histolytica! genes.! E.* dispar,!meanwhile,!has!a!pseudogene!in!a!region!syntenic!to!E.*histolytica's!CPJA5.!There!are!no!other!E.*dispar!pseudogenes,!whereas!there!are!nine!E.*histolytica!pseudogenes.!!! In!Family!B!(Figure!2.3.14.e),!E.*dispar!has!considerably! fewer!genes! than!the!other! three! species,! as! it! is! the! only! species! whose! genes! have! not! been! subject! to!expansion.! However,! RNA! expression! data! shows! that! none! of! the! 6! nearJidentical!!!!!!!!!!
E.* histolytica! sequences! are! actually! expressed! under! the! studied! conditions.! The!!!!!!!!!!!
E.* moshkovskii! gene! expansion! is! significantly! more! varied! (pJvalue! <! 0.001)! but!relatively!closely!related!to! the!E.*histolytica!expansion,!being!part!of! the!same!clade.!Conversely,! the! expanded! E.* invadens! genes! are! more! varied! than! both! the!!!!!!!!!!!!!!!!!!!!!!!!
E.* moshkovskii! sequences! (pJvalue! <! 0.001)! and! the! E.* histolytica! sequences!!!!!!!!!!!!!!!!!!!!(pJvalue!<!0.001)!and!have!expanded!in!an!independent!event.!As!was!seen!in!Family!A,!E.*invadens!appears!to!possess!a!larger,!more!variable!set!of!cysteine!proteases!than!the!other!three!species.!!! In!Family!C! (Figure!2.3.14.f),! the!numbers!are!much!more!even,! though! there!are!fewer!E.*invadens*genes!than!there!are!of!the!other!three!species.!This!is!due!to!a!large! clade! consisting! mostly! of! very! similar! sequences! across! those! three! species!(mean! branch! length:! 0.266321;! s! =! 0.351707).! Of! the! five! E.* histolytica! sequences!present! in! that! clade,! three! have! FPKM! values! of! 35.711! and! higher,! whilst! the!remaining!two!are!barely!expressed!(FPKM!values!of!0.233!and!1.788).!As!such,!it!may!be!that!Family!C!demonstrates!no!major!differences!in!numbers!of!functional!proteins!between! the! four! species,! although! expression! data! for!E.* dispar! and!E.*moshkovskii!would!offer!some!clarity!here.!!When!one!considers!all!three!families!together,!the!relative!paucity!of!E.*dispar!sequences! (33!CDSs,! compared!with!42! in!E.* histolytica,! 51! in!E.* invadens,! and!46! in!!!!!!!
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E.* moshkovskii)! is! of! interest! as! it! suggests! a! diminished! requirement! for! these!virulence! factors.! Taken! alongside! the! fact! that!E.* dispar! is! the! only! one! of! the! four!species! to! have! a! pseudogenised! orthologue! of! the! pathogenically! important! CPJA5!gene! [74,! 75],! it! appears! that!E.* dispar! has! experienced!a! general! reduction! in! genes!involved!in!host!attachment!and!invasion.!This!reduction!is!likely!to!be!at!least!partly!responsible!for!its!reduced!virulence,!which!has!long!been!recognised!in!the!literature![2].! Conversely,! this! argument! implicates! E.* moshkovskii! in! a! pathogenic! lifestyle,!supporting!the!findings!of!an!increasing!number!of!studies![4,!44].!!
#
v.#Direct#virulence#factor#families#O#other#families#of#interest#! The!serpin!family!(Figure!2.1.14.g)!contains!a!large!expansion!of!E.*moshkovskii!genes,!with! little! variability! between! the! sequences! overall,! although! two! sequences!are! relatively!distant! (mean!branch! length:!0.458415;! s!=!0.458697).!The! family!also!contains!a!smaller!E.*invadens!expansion,!the!sequences!in!which!are!significantly!more!variable! than! the! E.* moshkovskii! sequences! (pJvalue! <! 0.001).! There! is! only! one! E.*
histolytica!sequence!and!two!E.*dispar!sequences!in!the!family.!This!family!appears!to!have! expanded! relatively! recently.! Given! the! serpins’! role! in! inhibiting! host! proteins![238],! the! lack! of! variability! in! the! E.* moshkovskii! genes! is! surprising! as! it! suggests!there! is! little! functional! diversity! in! the! family.! It!may!be! that!E.*moshkovskii! utilises!protein!inhibitors!that!we!are!not!yet!aware!of.!!!Finally,! there!are!considerably!more!E.*histolytica!genes!than!any!of! the!other!species'!genes!in!the!sphingomyelinase!C!family.!This!is!entirely!due!to!an!expansion!of!seven! nearJidentical! sequences! (mean! branch! length:! 2.28571eJ5;! s! =! 7.17137eJ6).!Only!two!of!these!genes!are!well!expressed!(all!others!have!a!FPKM!value!lower!than!1.000),!and!one!of!these!two!only!has!an!FPKM!value!of!4.803.!There!are!four!E.*dispar!pseudogenes,!which,!when!included!in!a!nucleotideJbased!phylogenetic!analysis,!were!found! to! be! most! closely! related! to! the! sequences! in! the! E.* histolytica! expansion.!!Therefore,! these! sequences! have! been! lost! in! the! E.* dispar! lineage! and! could! be!important!candidates!to!explain!the!different!phenotypes!of!the!two!species.!!! Overall,! and! in! contrast! to! the! ‘indirect’! virulence! factor! families,! the!directly!virulent!families!demonstrated!informative!patterns!of!diversity.!It!is!likely!that!these!genes!are!under!greater!selective!pressure!to!evolve,!as!per!the!Red!Queen!Hypothesis!(discussed!in!depth!in!Chapter!Three),!allowing!the!parasites!to!manipulate!a!greater!
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range!of! hosts! [140].! The!direct! virulence! families! of!E.* invadens! proved!particularly!interesting! and! informative.! In! addition! to! the! already! discussed! lectins,!E.* invadens!appears!to!require!a!variety!of!cysteine!proteases!and!serpins.!Not!only!does!this!add!credence!to!the!established!belief!that!the!cysteine!proteases!are!major!facilitators!of!amoebiasis,! it!also!supports! the! theory! that!E.* invadens! requires!a!greater!number!of!important!virulence!factors!to!allow!it!to!effectively!parasitise!its!wide!range!of!hosts.!It! is! reasonable! to! conclude! that! a! proportion! of! the! enlarged! gene! set! seen! in! E.*
invadens*(relative!to!E.*histolytica!and!E.*dispar)!consists!of!genes!required!to!facilitate!the!amoeba’s!polyxenous!lifestyle.! !!!!!!!!!!!!!!!!!!!!!!!
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#
a)#Heavy#Gal/GalNAc#lectin#subunits#!
Figure# 2.3.14.# Phylograms# of# the#Entamoeba# gene# families# directly# involved# in#
virulence#that#demonstrate#atypical#phylogeny.!Red!boxes!highlight!clades!in!which!pseudogenes!were! identified.! They! are! linked! to! red!boxes! showing! the! same! clades!when! phylogeny! was! calculated! using! nucleotide! sequences,! including! the!pseudogenes.!Scale!bars!in!red!boxes!represent!nucleotide!phylograms.!All!phylograms!are! midpoint! rooted.! Bootstrapping! was! performed! for! 1,000! replicates.! Bootstrap!values!of!1,000!are!represented!by!asterisks! (*).!Bootstrap!values!below!400!are!not!shown.!!!! !
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b)#Intermediate#Gal/GalNAc#lectin#subunits#!!!!!!!
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#
c)#Light#Gal/GalNAc#lectin#subunits#!!
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d)#Cysteine#protease#Family#A#
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!
e)#Cysteine#protease#Family#B#
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f)#Cysteine#protease#Family#C#!
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g)#Serpin#
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2.4$Concluding$remarks$
$
$ In! this!chapter! I!have!presented!an!assembled!and!annotated!genome! for! the!
Entamoeba) moshkovskii! reference! strain! Laredo.! It! is! the! first! of! the! Entamoeba!reference!strains!to!be!generated!using!next<generation!sequencing!technology!and!is!of! the!high!quality! that! this! technology!makes!possible.!The!genome!contains!12,449!coding!sequences,!although!many!of!these!are!incomplete,!suggesting!that!this!number!is! inflated! above! the! actual! gene! count.! Nevertheless,! the! assembly! and! annotation!comprise! a! good! quality! first! draft! of! the! genome,!which! allowed! comparisons!with!other!members!of!the!genus!for!the!first!time.!!Through! comparison! of! the! Entamoeba! genus! with! genera! representing! the!diversity! of! the! Unikonts,! I! have! identified! gene! families! present,! and! ubiquitous,! in!
Entamoeba!species!only.!The!gene!families!present!in!the!largest!numbers!were,!as!one!might! expect,! largely! housekeeping! genes.! However,! they! were! families! that! allow!
Entamoeba! species! to! exploit! their! environmental! niche,! including! genes! potentially!involved!in!phagocytosis!of!bacteria.!Additionally,!the!large!BspA!gene!family!has!been!identified! as! a! potentially! genus<wide! facilitator! of! parasitism,! allowing! adhesion! to!host!cells.!This!work!also!identified!putative!virulence!factors!theoretically!present!in!all! Entamoeba! species,! including! two! families! not! previously! mooted! as! virulence!factors!in!the!genus.!!Surface<bound! proteins! play! a!major! role! in! the! development! of! amoebiasis.!The! pathogenic! E.) histolytica! possesses! a! large! number! of! unique! surface! proteins,!which!contrasts!starkly!with!the!absence!of!genes!encoding!such!proteins!in!the!non<pathogenic!E.)dispar.!Analysis!of!the!heavy!subunits!of!the!Gal/GalNAc!lectin!revealed!that!every!such!gene!in!every!species!should!possess!a!complete!CRD,!which!is!variable!around! a! conserved! motif! of! 10! cysteine! residues.! I! propose! that! this! information!might!help! inform!research! into! the!utilisation!of! the!Gal/GalNAc! lectins!as!potential!vaccine!targets.!This!study!also!suggested!that!other!surface<bound!proteins!might!play!roles! similar! in! importance! to! the! Gal/GalNAc! lectins! with! regards! to! enabling!pathogenic!infections!in!the!genus.!!Furthermore,!E.) invadens!was! found! to!possess! a! greater!number!of! genes! in!multiple!gene!families,!including!the!Gal/GalNAc!lectin!heavy!subunits!and!the!cysteine!proteases! (families!A! and!B).! The! genes! comprising! the! expansions! in! these! families!
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were! also! often! significantly! more! variable! than! those! genes! seen! in! the! other!
Entamoeba! species.! Taken! together,! these! results! suggest! that!E.) invadens) requires! a!greater!variety!of!certain!virulence!factors!to!allow!it!to!infect!the!large!host!range!it!is!known!to!exploit.!In!contrast,!the!low!numbers!of!surface!proteins!seen!in!E.)dispar!are!also!seen!in!its!cysteine!protease!virulence!factor!gene!families.!Taken!together,!these!results! support! the! literature! in! implying! that!E.) dispar! is! non<pathogenic.! A! further!suggestion! of! counts! of! these! virulence! factors,! however,! is! that) current! changing!opinions! about! the! pathogenicity! of! E.) moshkovskii! are! correct! –! the! species! does!indeed!appear!to!be!virulent.!With!an!annotated!genome!of!E.)moshkovskii!now!in!the!public!domain! it! is! likely! that! research! into! this! interesting!species!will!pick!up!pace!and!further!confirmation!of!its!pathogenicity!status!will!follow!soon!thereafter.!!!!!!!!!!!!!!!!!!!!!!!!!!
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Chapter$ Three$ –$ Intra:species$ comparative$ analyses$ of$ Entamoeba)
histolytica,$Entamoeba)dispar$and$Entamoeba)moshkovskii$!
3.1$Introduction$!
3.1.1$Measures$of$genomic$diversity$!! Genomic!diversity!defines,!and!distinguishes!between,! strains!and! individuals!of! a! species.! This! variation! can! be! attributed! to! three! sources! –! horizontal! gene!transfer,! recombination! and!mutations.!Mutations! are! caused!by! errors!made!during!the! replication! of! genomic! sequences,! both! coding! and! non<coding.! They! inherently!cause!differences! in!the!nucleotide!sequences! in!which!they! lie!and,!often,!any!amino!acids! encoded! by! those! nucleotides.! This! introduces! differences! between! the!sequences! and! their! ancestors,! which! can! be! used! as! a! measure! of! evolutionary!distance.!!For!example,!microsatellites!–!concatenated!STR!sequences!<!are!commonly!used! to! generate! linkage! maps,! which! offer! a! measure! of! recombination! rates! and,!therefore,! diversity! between! sequences! [253<256].! They! are! used! because! highly!repetitive! sequences! are! difficult! even! for! cellular! DNA! polymerases! to! replicate,!resulting! in! the! frequent! addition! or! removal! of! repeat! units! as! a! polymerase! ‘slips’,!dissociating! from,! and!annealing! to,! the! template!of! the! sequence! erroneously! [257].!This!high!mutation!rate!can!be!used!to!generate!a!relatively!high<resolution!inference!of!evolutionary!distances.!! This!chapter!is!concerned!with!a!particular!form!of!mutation,!not!restricted!to!microsatellites,! for! which! evidence! of! superiority! when! determining! evolutionary!distance!is!growing![258,!259].!Single!nucleotide!polymorphisms!(SNPs)!are!defined!as!point!mutations!found!in!at! least!1%!of!a!given!population![260].!SNPs!are!becoming!increasingly! favoured! as! a!measure! of! diversity! over!microsatellites! for! a! number!of!reasons! [258,! 259].! Firstly,! although! they! are! less! abundant! than! STRs,! they! are!widespread! and! less! prone! to! further! mutations,! making! them! both! reliable! and!representative!of!the!entire!genome![261].!It!is!also!argued!by!several!research!groups!that! the! semi<automated! protocol! used! to! study!microsatellites,! along!with! the! high!number! of! alleles! possible! in! such! regions,! leads! to! a! greater! error! rate! than! when!analysing!SNPs![262,!263].!An!additional!reason,!specific! to!the! focus!of! this!study,! is!that!microsatellites! in!Entamoeba) histolytica! are! thought! to! be! far! less! variable! than!
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would! be! expected! in! a! eukaryote! [49,! 50]! making! traditional! marker! based!approaches!impossible.!!
3.1.2$Diversity$within$members$of$the$Entamoeba$genus$
$
$ The!differences!in!reported!diversity!that!can!arise!when!comparing!SNP<based!studies! and! those! that! use! microsatellites! have! been! seen! in! members! of! the!
Entamoeba!genus.!Several!reports!studying!STRs!in!particular!genes![16,!264,!265]!and!loci![266,!267]!have!found!diversity!within!E.)histolytica!to!be!relatively!high.!As!stated,!however,! these!studies!were! limited! to! individual!genes!or!a!small!number!of! repeat!regions!and!they!were!also!subject!to!the!same!limitations!as!all!microsatellite<based!studies,! as! described! in! Section! 3.1.1.! Several! reports,! focusing! on! SNPs,! have! found!contradictory! evidence! to! support! the! theory! of! limited! genetic! diversity! amongst!E.)
histolytica!strains![27,!68,!268].!Initially,!this!was!thought!to!indicate!a!clonal!species,!however!evidence!of!meiotic! recombination!has!been!discovered! recently! suggesting!that!E.)histolytica!actually!reproduces!sexually![68].!!! There! is! a! relative! paucity! of! studies! into! diversity! in! E.) histolytica’s! close!relatives,!Entamoeba)dispar)and!Entamoeba)moshkovskii.!In!the!case!of!E.)moshkovskii,!this! is,! of! course,! because! there!was! previously! no! reference! genome!with!which! to!compare! different! strains.! In! spite! of! this,! there! is! support! for! the! theory! that! E.)
moshkovskii! is,! in! fact,! highly! variable! and!may!be! a! species! complex,! rather! than! an!individual!species![44,!146].!The!few!studies!that!have!analysed!diversity! in!the!non<pathogenic!E.)dispar!have!focused!on!individual!genes!or!loci!containing!STRs!and,!as!might! be! expected! given! the! results! of! similar!work! in!E.) histolytica,! they! found! the!species!to!be!highly!diverse![269,!270].!!!! It!should!be!noted!that,!whilst!SNPs!are!ubiquitous!throughout!genomes,!they!occur! at! greater! frequencies! in! certain! regions.! For! example,! in! E.) histolytica,! as! in!humans![271],!it!has!been!reported!that!non<coding!regions!of!the!genome!mutate!at!a!faster!rate!than!coding!regions![268].!As!such,!it!is!possible!for!limited!investigations!to!identify!different!mutation!rates!dependent!upon!the!sequences!they!study.!The!most!inclusive! alternative! is,! of! course,! to! perform! genome<wide! studies.! In! light! of! the!increasing!support!for!diversity!studies!using!SNPs!rather!than!microsatellites,!as!well!as!the!shortcomings!of!limited<scale!studies,! it!was!decided!that!this!study!would!use!SNPs! to! compare! genome<wide! diversity! levels! between! and! within! the! species! E.)
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histolytica,! E.) dispar! and! E.) moshkovskii,! thus! going! some! way! to! filling! the! current!deficit! in! such!studies! in! the!genus.!Only!human<infective!species!were!compared,!as!these!are!the!only!species!for!which!there!exist!numerous!axenic!isolates.!!! The! strains! studied! in! this! chapter! were! acquired! from! a! variety! of! sources,!presenting! interesting!challenges.!Many!of! the!strains!used!were! isolated! in!different!years,!with!the!range!covering!decades.!Those!strains!that!were!isolated!longer!ago!are!likely! to! have! gone! through! more! generations! in) vitro! than! more! recently! isolated!strains,! meaning! it! is! less! likely! that! their! genomes! resemble! the! original! isolated!samples.!However,!the!efforts!that!would!be!required!to!isolate!and!axenise!a!sufficient!number!of!strains!for!this!study!meant!that!isolating!strains!from!new!samples!was!an!unviable!option.!!! As!such,!this!study!made!use!of!existing!axenised!strains!and,!where!available,!sources!of!genomic!data.!The!genomes!of!E.)moshkovskii! strains!and!E.)dispar! strains!were! sequenced! specifically! for! this! project.! For! E.) histolytica,! existing! genomic!sequencing! data,! generated! in! two! individual! studies,!were! utilised.! Eight! of! the! ten!strains!were! sequenced!on! the!SOLiD!4!platform! in! a! study!of! the! genomic!diversity!seen!in!E.)histolytica)[68].!The!original!analysis!identified!SNPs!across!the!genomes!of!the! strains! as! a! measure! of! diversity! within! the! species.! With! the! exception! of! the!reference!strain,!the!genomic!data!for!these!strains!were!also!featured!in!a!study!that!combined!and!compared!E.)histolytica!strains’!genomes!sequenced!using!SOLiD!or!454!technologies! [272].! That! piece! of! research! also! investigated! SNP! content! of! E.)
histolytica,! but! focused! on! identifying! differences! between! virulent! and! avirulent!strains.! This! latter! study! demonstrated! that! it! is! possible! to! gain!meaningful! results!from!data!gained!from!multiple!sequencing!platforms.!This!point!was!explored!in!this!chapter! as! the! strains! sequenced! in! the! latter! diversity! study! were! also! sequenced!using!Illumina!technology,!which!could!be!mapped!using!the!same!commands!as!those!used!for!SOLiD!data.!!!
3.1.3$Selective$pressures$and$the$Red$Queen$hypothesis$!! Mutations! at! individual! sites! in! a! coding! sequence! can! have! a! multitude! of!effects!upon!the!translated!amino!acid!sequence.!!At!some!sites!(always!the!final!base!in! a! triplet! codon),! no! mutation! is! capable! of! causing! a! change! to! the! amino! acid!sequence.! Such! sites! are! described! as! fourfold! degenerate! (4D)! synonymous! sites.!
!! 112!
Mutations! at! other! nucleotide! positions! will! always! lead! to! amino! acid! sequence!alterations.! These! sites! are! termed! non<synonymous! sites.! Still! other! sites! can! be! a!fraction!non<synonymous!and!a!fraction!synonymous,!depending!upon!the!number!of!changes! to! the!site! that,! respectively,!will! and!will!not! cause!changes! to! the!encoded!amino!acid.!!! The!average!number!of!nucleotide!differences!between!a!coding!sequence!and!its! corresponding! reference! sequence! per! non<synonymous! site! is! described! as! the!sequence’s!‘dN’!value.!The!equivalent!value!for!synonymous!sites!is!represented!as!‘dS’.!Sequences!across!which!the!average!dN!value!is!greater!than!the!average!dS!value!are!described!as!being!under!diversifying!selective!pressure,!whereby!mutations!that!alter!the! amino!acid! sequence! encoded!by! the! gene! are! accrued,! resulting! in! a!population!with! multiple! alleles.! Over! time! this! can! result! in! the! evolution! of! new! strains! or,!ultimately,! speciation,! theoretically! improving! the! fitness! of! the! organism! to! a!particular!environment.!!Conversely,!sequences!in!which!the!average!dS!value!exceeds!the! average! dN! value! are! considered! to! be! under! purifying! selection,! whereby! only!mutations! that! do! not! alter! the! amino! acid! sequence! of! the! encoded! protein! are!permitted!to!accrue,!preserving!the!structure!and!function!of!the!protein.!Where!more!than! two! sequences! are! concerned,! this! principle! is! usually! extended! to! measure!sequence! diversity! (π)! as! the! mean! fraction! of! nucleotide! differences! between! all!possible!pairwise!comparisons!of!the!sequences![273].!! The!Red!Queen!hypothesis!states!that!coevolving!species!are!constantly!driven!to! adapt! to! changes,! both! in! the! environment! and! one! another,! in! order! to! survive![139].!In!host<parasite!pairings,!such!as!those!seen!in!the!Entamoeba!genus![274,!275],!the! parasite! evolves! to! overcome! host! defences,! thus! necessitating! the! evolution! of!countermeasures! in! the! host.! As! such,! evolution! of! these! species! is! driven! forward!faster!than!if!they!were!to!evolve!independently!of!one!another![140].!It!is!anticipated!that! such! antagonistic! co<evolution! has! advanced! the! adaptation! of! host<infective!
Entamoeba! species.! Of! particular! interest! in! this! chapter! is! the! fact! that,! in! host<parasite! relationships,! those!genes!directly! involved! in! survival! evolve! faster! as! they!are!under!stronger!diversifying!selective!pressures!than!others!as!the!molecular!‘arms!race’! escalates! [140,! 274,! 276].! Informative! results! of! projects! investigating! these!selective! pressures! have! the! potential! to! identify! genes! directly! involved! in! host<parasite!interactions,!such!as!those!seen!between!certain!Entamoeba!species!and!their!human!hosts.!
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3.1.4$Aims$of$chapter$!! In! this! chapter,! I! have! sequenced! the! genomes! of! multiple! strains! of! E.)
moshkovskii!and!two!strains!of!E.)dispar.!I!have!mapped!the!reads!generated!for!each!of!the!strains,!along!with!publicly!available!reads!of!multiple!E.)histolytica!strains,!to!their!respective! reference! genomes,! identifying! SNPs! based! upon! pairwise! comparisons.!Divergence! between! the! genomes! and! evidence! of! selective! pressures! acting! upon!genes!within! them!were! analysed! using! the! generated! data.! This!work! had!multiple!goals.! Firstly,! it! was! hoped! that! the! data! could! be! used! to! compare! the! divergence!levels! seen! in! each!of! the! three! species,! particularly!with! a! view! to! gaining! evidence!that!E.)moshkovskii!has!a!highly!variable!genome!and!is,!potentially,!a!species!complex![38,!146,!152].!Secondly,! the!data!was!used! to!compare!variability!between!different!sequence! classes!within!each!genome!so!as! to! identify! in!which!genomic! regions! the!greatest! variability! occurs.! Finally,! I! hoped! to! identify! the! genes! that! were! under!diversifying! selective! pressures!within! each! species,! indicating! those! sequences! that!were!perhaps!of!greatest!importance!in!survival!of!the!different!lifestyles!exhibited!by!the!various!strains!and!species.!!!!!!!!!!!!!!!!!!!!!
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3.2$Materials$and$Methods$!
3.2.1$Acquisition$of$Entamoeba$dispar)extracts$and$Entamoeba)moshkovskii)
cultures$!
$ Cultures! of!E.)moshkovskii! strains! Laredo,! FIC,! 15114! and! Snake!were! grown!and!maintained!using!the!medium!described!in!Section!2.2.1.!Cultures!were!grown!in!volumes!of!50!<!60!mL!in!65!mL!sterile!filter<capped!plastic!flasks!(Corning),!the!lids!of!which!were!wrapped!in!Parafilm!(Sigma<Aldrich),!thus!restricting!oxygen!availability.!Inoculum! volumes! were! varied! based! upon! subjective! microscopic! observation! of!growth! in! seeding! cultures.! All! E.) moshkovskii! cultures! were! incubated! at! room!temperature!for!7!days.!All!cultures!were!incubated!in!darkness!to!prevent!a!reduction!in!efficacy!of!the!photosensitive!Vitamin!Mix!#18.!Dr!Graham!Clark!provided!lysates!of!
E.) dispar! strain! SAW760.! Dr! Tomoyoshi! Nozaki’s! research! group! (University! of!Tsukuba,! Japan)! extracted,! and! provided,! genomic! DNA! from! the! E.) dispar) strain!AS16IR.!!
3.2.2$DNA$extraction$!! The!method! described! in! Section! 2.2.2!was! used! to! extract! DNA! from! the!E.)
moshkovskii! cultures! and! the! E.) dispar! SAW760! lysates.! Purity! and! concentration! of!DNA!was!measured!using!the!NanoDrop!1000!Spectrophotometer!(Thermo!Scientific)!and! the!Qubit!Fluorometer! (Invitrogen!by!Life!Technologies),! respectively,! according!to! the! manufacturers’! protocols! (Appendix! B,! Table! B.1).! The! Qubit! Fluorometer’s!dsDNA!Broad!Range!assays!were!utilised!unless!low!DNA!concentrations!required!the!use!of!the!dsDNA!High!Specificity!assay.!!
3.2.3$Library$preparation$and$sequencing$!! The!CGR!prepared,!pooled!and! sequenced!100!bp!PE! libraries!of! the!purified!extracted!DNA!from!E.)moshkovskii!strains!FIC,!15114!and!Snake!using!their!standard!protocol.!I!prepared!150!bp!PE!libraries!for!E.)dispar)strains!SAW760!and!AS16IR!and!for!E.)moshkovskii! strain! Laredo.! The! details! that! follow! in! this! section! relate! to! the!libraries!I!prepared!only.!!
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The!preparation!technique!used!was!an!adaptation!of!the!‘TruSeq!DNA!sample!prep! low! throughput! protocol’! (Illumina).!Where! necessary,! the!DNA!was! diluted! or!concentrated! to! achieve! the! recommended! concentration! (20! ng/µL)! before! being!sheared!using! an!S220!Focused<Ultrasonicator! (Covaris).! Covaris<specific! tubes!were!used,! rather! than! the! recommended! plates! so! TE! buffer! was! used! to! increase! the!sample! volume! to! 130! µL.! After! shearing,! the! AMPure! XP! beads! step! was! used! to!reduce!the!sample!volume!to!50!µL.!During!the!End!Repair!clean<up!step!no!dilution!was!carried!out.!Wherever!they!were!stated!as!options,!the!in<line!control!reagent!and!gel<free!method!were!used.!The!three!libraries!I!prepared!in!this!chapter!were!pooled!with! the! library! described! in! Chapter! Four! –! that! of! Entamoeba) bangladeshi) strain!8237.! Libraries! for!E.) dispar! SAW760! and! E.) bangladeshi! were! subsequently! pooled!together!again,!without!the!other!two!libraries,!as!they!had!not!formed!an!acceptable!proportion!of!the!initial!pooled!library.!The!adapters!used!in!all!libraries!were!the!Set!B!adapters!recommended!in!Option!1!for!a!plexity!of!4!in!the!TruSeq!pooling!guidelines.!These! adapters!were! applied! to! the! four! libraries! as! follows:! AD001:!E.)moshkovskii!Laredo;! AD008:! E.) dispar! SAW760;! AD010:! E.) dispar! AS16IR;! and! AD011:! E.)
bangladeshi!8237.!!! TruSeq!output! libraries!were!diluted! to!within! the! range!of! the!Agilent! 2100!Bioanalyzer’s!(Agilent!Technologies)!High!Sensitivity!DNA!analysis!kit!(5!<!500!pg/µL)!and!measured! using! the!Qubit! Fluorometer,! as! above.! The!Agilent! 2100!Bioanalyzer!was!used!to!test!the!library!fragment!sizes.!As!each!read!in!a!pair!was!150!bp!in!length,!and!a!65!bp!adapter!was!annealed!to!each!read,!a!total!fragment!length!of!between!400!and!600!bp!was!required!to!limit!selection!to!pairs!with!up!to!~170!bp!of!intervening!sequence.!A!gap!any!greater!than!200!bp!between!a!pair!was!thought!likely!to!be!so!big!as!to!prevent!the!BWA!assembler!(Section!3.2.5)!from!assembling!the!reads!as!pairs.!A!Pippin!Prep!machine!(Sage!Science)!was!used!to!select!such!required!fragments!using!a!1.5%!agarose!gel!cassette!(range!of!250!bp!–!1.5!kb).!Residual!ethidium!bromide!was!cleaned! from!Pippin!Prep!eluates!using!the!AMPure!XP!beads!technique!described! in!the! TruSeq! protocol.! Cleaned! libraries,! measured! using! the! Qubit! Fluorometer! and!Agilent! 2100! Bioanalyzer! (Appendix! B,! Table! B.1),! were! submitted! to! the! CGR! for!sequencing.! Each! library! was! sequenced! on! 1! lane! of! the! Illumina! MiSeq! platform,!according!to!the!optimised!protocol!used!by!the!CGR.!!!!!
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3.2.4$Acquisition$of$Entamoeba)histolytica$strain$data$!! Previously!sequenced!read!data! for!E.)histolytica)strains!were!used! [68,!272].!Strains! MS96<3382! and! DS4<868,! sequenced! using! Illumina! technology,! were!downloaded!from!the!European!Nucleotide!Archive!(http://www.ebi.ac.uk/ena).!Their!Run! accession! numbers! are! SRR368631! and! SRR369427,! respectively.! Dr! Gareth!Weedall!provided!SOLiD<derived!read!data!for!E.)histolytica!strains!Rahman,!2592100,!PVB<M08B,!PVB<M08F,!HK<9,!MS27<5030,!MS84<1373!and!HM<1:IMSS<A.!!
3.2.5$Variant$calling$and$analysis$!! Reads! from! the! reference! strains! were! aligned! to! the! existing! assembled!reference!sequences,!downloaded!from!AmoebaDB!v2.0![169,!170],!using!the!Burrows<Wheeler! Aligner! (BWA)! v0.5.9! [277].! Default! parameters! were! applied! to! the! ‘aln’!command!except!in!two!cases.!Firstly,!suboptimal!alignments!were!permitted!for!reads!that! could! be! mapped! to! multiple! sites! provided! that! there! were! no! more! than! 10!equally! best! potential! sites.! Secondly,! maximum! edit! distances! of! 4! and! 12! were!applied! to! the! SOLiD! reads! and! longer! Illumina! reads,! respectively.! The! ‘samse’! and!‘sampe’!commands!were!used!to!align!the!SOLiD!and!Illumina!reads,!respectively,!using!default!parameters!except! for! limiting! the!maximum!number!of!alignments!output! in!the!XA!tag!to!2.!Unmapped!and!non<uniquely!mapped!reads!were!filtered!out.!! SNPs! in! the! aligned! reference! strains’! reads! were! called! using! the! SAMtools!v0.1.18![278]!mpileup!command!(default!parameters!were!used!apart!from!forcing!the!output! of! per<sample! read! depths)! and! bcftools! view! command! (default! parameters!were!used!except! for!setting! it! to!output!both!bases!and!variants).!High!quality!SNPs!were!defined!as! those! that!met! the! following!parameters:!Phred!quality!score!>=!20;!read!depth!>=5!and!<=!95th!percentile!of!all!depths!seen!in!assembly;!and!farther!than!5! bp! from! a! gap,! using! a! window! of! 30! bp.! High! quality! homozygous! SNPs! were!inserted! in! place! of! their! respective! original! bases! within! the! original! reference!sequences! (see! Appendix! D,! File! D.1! for! details).! The! updated! reference! sequences!were! then! used! in! place! of! the! original! genomes! when! reads! from! non<reference!strains!were!mapped,!and!SNPs!called,!using!the!method!outlined!above.!! Total!counts!of!SNPs!per!gene,!excluding!pseudogenes!and!sequences!with!an!incomplete! triplet! codon,! were! calculated! per! strain.! A! Perl! script,! provided! by! Dr!
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Weedall,!was!used!to!distinguish!between!synonymous!and!non<synonymous!SNPs!in!coding! regions! and! SNPs! in! non<coding! regions.! Programs! from! the! Phylogenetic!Analysis! Using! Maximum! Likelihood! (PAML)! package! v4.5! [279,! 280]! were! used! to!calculate! dN! and! dS! values! for! each! gene.! The! Probabilistic! Alignment! Kit! (PRANK)!v.111130!was!run!using!an!empirical!codon!model!with!other!parameters!set!to!default!values,! followed! by! codeml,! run! using! default! parameters.! For! SNP! counts! and!respective!dN/dS!ratios,!see!Appendix!D,!Files!D.2<D.4.!!
3.2.6$Phylogenetic$analysis$! PHYLIP! v3.69! [180]!was!used! to! generate! a!neighbour<joining!phylogram! for!nucleotide!positions!of! common!4D!sites! in!E.)moshkovskii! strains,!using! the!additive!tree!model.!Default!parameters!were!used!unless!otherwise! stated.! Seqboot!was! run!with!1,000!bootstrap!replicates.!DNAdist!was!then!run!using!the!Jukes<Cantor!model,!which!does!not!take!codon!position!into!account![281].!Neighbor!was!subsequently!run!for! the! 1,000! data! sets,! the! output! of! which! was! processed! by! Consense.! To! apply!branch! lengths! that! represented! evolutionary! distances! to! trees,! a! distance! matrix!(Table! 3.3.3),! consisting! of! differences! between! pairs! of! strains! per! 4D! site,! was!submitted! to!Neighbor! for! a! single!data! set.! Branch! lengths!were!manually! added! to!Consense!output!files.!!
3.2.7$Expression$data$! As! in!Chapter!Two,! expression!data! for! all!E.) histolytica!HM<1:IMSS!virulence!factor! CDSs! were! downloaded! from! AmoebaDB! v2.0.! The! figures! attributed! to! each!gene!represented!the!FPKM!values!generated!from!RNA<Seq!data.!!
3.2.8$Four:haplotype$test$in$Entamoeba)moshkovskii$!The!four<haplotype!test!was!used!to!test!for!evidence!of!meiotic!recombination!between! the! four! E.) moshkovskii! strains! featured! in! this! chapter.! High! quality! sites!were!used! for! this.!These!were!defined!as!nucleotide!positions! called! in!every! strain!and! existing! as!homozygotes! in! every! strain,! but! varying!between! them.!One!million!pairs! of! these! high! quality! SNPs! were! randomly! sampled.! Within! groups! of! 10,000!pairs,! proportions! of! SNP! pairs! existing! as! four! haplotypes! were! calculated! and! the!
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group’s!average!distance!between!pairs!of! sites!was!calculated.!This! test!was!carried!out!using!a!Perl!script!written!by!Dr!Weedall![68].!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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3.3$Results$and$Discussion$!
3.3.1$Mapping$to$reference$strains$!As!a!method!of!comparing!variation!within!Entamoeba!species!and!identifying!the! most! variable! gene! sequences! in! each! genome,! counts! of! SNPs! across! multiple!strains! in! each! species!were! required.! The! first! step! in! generating! them!was! to!map!reference!strains’!reads!to!their!respective!genomes!in!order!to! identify!errors! in!the!existing! sequences.! This! would! reduce! the! number! of! errors! carried! forward! into!subsequent!analyses!when!comparing!strains!with!their!respective!reference!genomes.!The! reference! strains!were! sequenced! to! relatively! high! average! coverage! depths! in!this!study!(Table!3.3.2).!As!such,!it!was!likely!that!any!bases!identified!as!high!quality!homozygous! SNPs! here! could! be! assumed! to! represent! bases! that! were! incorrectly!called!in!the!original!genome!assemblies!(Table!3.3.1).!!A!much!greater!number!of!homozygous!SNPS!were! identified! in! the!E.)dispar)SAW760! genome! than! in! the!E.)moshkovskii! and!E.) histolytica! reference! strains.! This!was!most!likely!a!result!of!the!relatively!low!average!coverage!depth!achieved!during!the! initial! assembly! of! the! E.) dispar! reference! genome! (Table! 2.3.1).! Assemblies!performed! at! low! coverage! depths! are,! naturally,! prone! to! more! frequent! errors.!Interestingly,!however,!it!was!the!E.)moshkovskii!Laredo!genome!that!demonstrated!the!greatest! number! of! heterozygous! differences! and! insertions/deletions! (indels).! This!was! suggestive! of! E.) moshkovskii! possessing! a! more! polymorphic! genome! than! the!other! two! species.! Existing! bases! at! homozygous! positions! were! replaced! with! the!newly!called!nucleotides!to!generate!updated!and!improved!sequences.!Multiple!alleles!of! heterozygous! SNPs,! by! their! very! nature,! are! present! in! the! genomes,! making! it!impossible!to!define!a!‘correct’!base!at!those!sites.!As!such,!neither!heterozygous!SNPs,!nor! indels,! were! considered! high! quality! calls! and! so! were! not! used! to! alter! the!reference!genomes.!The!number!of!heterozygous!SNPs!in!E.)histolytica!was!extremely!low;!this!may!be,!in!part,!due!to!the!sequencing!technology!used!but!also!because!the!HM<1:IMSS!strain!has!been!kept! in! culture! for!a! long! time!and! is! likely! to!have!been!subject!to!loss!of!heterozygosity.!!!!!
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Table$ 3.3.1$ Counts$ and$ proportions$ of$ variants$ detected$when$ reads$ from$ the$
reference$strains$were$mapped$to$existing$reference$genomes$!
Homozygous$SNPs$ Heterozygous$SNPs$ Indels$
Species$
Count$ SNPs/Kb$ Count$ SNPs/Kb$ Count$
E.)histolytica) 120! 5.77!e<3! 1,361! 6.54!e<2! 176!
E.)dispar) 741! 3.32!e<2! 13,960! 6.08!e<1! 1,968!
E.)moshkovskii) 165! 6.53!e<3! 33,527! 1.33! 2,446!!! Reads! from! non<reference! strains! were! mapped! to! these! updated! reference!genomes,!rather!than!the!original!assemblies,!and!SNPs!were!called!within!them.!Nine!non<reference! strains! of! E.) histolytica! were! compared! along! with! three! strains! of! E.)
moshkovskii!and!one!strain!of!E.)dispar!(Table!3.3.2).!Acquisition!of!cultures!and!lysates!of!E.)dispar!strains!proved!problematic,!hence!the!lower!than!ideal!number!of!strains!included! in! this! study.!The!AS16IR!strain!of!E.)dispar!mapped!poorly! to! the!SAW760!reference!genome,!achieving!a!very!low!average!coverage!depth.!It!did,!however,!map!to!approximately!80%!of! the! reference,!meaning! that! it!was! still! informative,! though!conclusions!drawn!from!it!should!be!treated!with!caution,!as!many!SNPs!will!have!been!omitted.!!As!might! be! expected,! the! proportion! of! reads! that! successfully!mapped! to! a!reference! genome! differed! between! strains! sequenced! using! different! sequencing!platforms!(Table!3.3.2).!By!comparing!the!E.)histolytica!strains!alone,!to!achieve!direct!comparisons,!one!can!see!that!greater!proportions!of!reads!were!successfully!mapped!to! greater! proportions! of! the! reference! sequence! in! those! strains! sequenced! using!Illumina! technology.! Mapping! of! such! strains! also! achieved! considerably! higher!average! coverage! depths! than! seen! in! those! sequenced! using! the! SOLiD! 4! platform.!This!is!likely!to!have!been!caused!by!a!combination!of!the!greater!length!of!the!Illumina!reads! (150bp! compared!with! 50bp)! and! the! fact! that! the! Illumina! reads! formed! PE!libraries,! so! could!be!mapped!across! regions!400<600!bp! in! length.! It! is! feasible! that!these!characteristics!allowed!the!reads!to!map!to!regions!that!single!SOLiD!reads!could!not;! for! example,! Entamoeba! repetitive! elements! and! LINES! and! SINES,! which! are!known! to!be!prevalent! throughout!Entamoeba! genomes! [55,!57,!186,!187,!282].! It! is!also!possible! that! this! improved!mapping! subsequently! resulted! in!more!SNPs!being!detectable.!As!such,!there!are!likely!to!be!large!differences!between!those!E.)histolytica!
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strains!sequenced!using!SOLiD!and!Illumina!platforms.!Whilst!this!is!a!disadvantage!of!comparing! genomes! sequenced! by! multiple! technologies,! it! is! one! that! was!unavoidable! in! this! instance.! Its! affect! on! SNP! counts! is! considered! throughout! this!chapter!so!as!to!avoid!drawing!inaccurate!conclusions!from!data!that!are!not!directly!comparable.!! In!recent!years,!much!has!been!made!of!the!limitations!of!individual!sequencing!platforms!and!the!need!to!combine!technologies!to!accurately!sequence!genomes!and!call!SNPs![106,!283,!284].!Indeed,!some!mutations!can!only!be!identified!by!one!of!the!three!second!generation!sequencing!technologies.!It!is,!therefore,!probable!that!greater!coverage! and,! consequently,! greater! accuracy! of! SNP! detection! could! have! been!achieved! by! combining! reads! generated! by! multiple! sequencing! technologies! in!individual! strains.! This! is! certainly! a! limitation! of! this!work! but,! as! reads! generated!using! different! platforms! are!made! publicly! available,! it! would! be! interesting! to! see!how! their! combined! application! affects! mapping! quality! and! variant! calling! in! the!genus.! It! should! be! noted,! however,! that! both! the! SOLiD! and! Illumina! platforms!demonstrate! coverage! bias! relative! to! GC! content,! favouring! low! GC! contents! below!approximately!40%![284],!making!them!the!ideal!platforms!for!single<technology!SNP!calling!in!Entamoeba.!!The! non<reference! E.) moshkovskii! strains! mapped! to! coverage! depths!equivalent!to,!or!higher!than,!those!achieved!with!the!E.)histolytica!strains!sequenced!on! the! Illumina! platform.! Despite! this,! the! reads! covered! a! lower! proportion! of! the!reference!genome!than!their!E.)histolytica!equivalents.!This!provided!an!early!indicator!of! the!expected!disparity!between! the!E.)moshkovskii)strains,! relative! to!E)histolytica.!Strain! FIC! exhibited! the! poorest!mapping! of! the!E.)moshkovskii! strains,!whilst! strain!15114!mapped!the!most!successfully.!This!suggested!that!FIC!was!more!distant! from!Laredo! than! the! other! two! strains,! with! strain! 15114! being! most! closely! related! to!Laredo;! a! notion! that!was! reinforced!by! SNP! calling! statistics,! discussed! later! in! this!chapter.$
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SOLiD!4!
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Korea!
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21,499,758!(23.28%)!
69.57!
MS96R3382! f!Bangladesh!Illumina!GA!II!
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20,527,917!(61.17%)!
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Bangladesh!Illumina!GA!II!
2006!
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*!Sent!from!Institut!Pasteur,!Paris!to!Charles!University,!Prague!in!1948.!Institut!Pasteur!has!no!record!of!origin!(personal!communication!with!Dr!
Graham!Clark).!
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England!
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Illumina!MiSeq!
1997!!
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America!
Illumina!MiSeq!
1956!
97.61!
8,833,683!(80.65%)!
89.91!
FIC!
Canada!
Illumina!MiSeq!
1959!
162.27!
19,750,749!(30.98%)!
61.58!
Snake!
France*!
Illumina!MiSeq!
1948*!
209.10!
25,655,106!(51.40)!
76.96!
15114!
Bangladesh!Illumina!MiSeq!
1999!
265.55!
35,292,777!(71.53%)!
85.24!
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3.3.2$Comparison$of$SNP$rates$in$strains$of$the$three$Entamoeba$species$!To!understand!how!much!variation!exists!within!the!three!species,!SNP!counts!were!made! for! each! strain.! The! average! coverage! depth! necessary! to! reliably! detect!95%!of!SNPs!in!a!genetic!sequence!is!35x![287,!288].!With!that!in!mind,!it!is!important!to!note!that!E.#histolytica!strain!PVF!and!E.#dispar!strain!AS16IR!were!sequenced!and!mapped!to! lower!average!coverage!depths!than!this!(Table!3.3.2).!As!such,! it! is! likely!that!many!SNPs!were!omitted!from!analyses!of!these!two!sequences.!Indeed,!it!should!be!appreciated!that,!without!100%!coverage!of!the!reference!sequence,! it! is!probable!that! less! than! 95%! of! SNPs! will! have! been! called! in! all! of! the! strains,! though! the!likelihood!of!this!is!reduced!with!greater!coverage.!The!average!coverage!depth!across!the!E.#histolytica!nonUreference!strains!is!59.68x.!In!E.#dispar!AS16IR!the!average!depth!was! very! poor! at! 12.77x,!whilst! the! average! in!E.#moshkovskii#nonUreference! strains!was!considerably!higher!than!in!both!of!the!other!species!at!212.31x.!!
$ $Pairwise!SNP!rates!were!calculated!across!all!genotype!quality!scores!for!each!nonUreference! strain! relative! to! its! respective! reference! genome! as! a! measure! of!divergence! (Figure! 3.3.1).! Both! homozygous! and! heterozygous! SNPs! were! included.!The! large! number! of! bases! attributed! a! genotype! quality! score! of! 99! (Figure! 3.3.1b)!offers! some! insight! into! the! generally! high! quality! of! the! SNP! calling.! TwoUtailed!Wilcoxon! signedUrank! tests,! with! alpha! levels! of! 0.05,! were! used! to! compare! the!statistical!significance!of!any!differences! in!divergence!between!sets!of!strains!across!all!genotype!quality!scores,!split!evenly!into!20!bins.!!The! average! divergence! of! all! E.# moshkovskii! strains! from! the! reference! was!greater! than! that! demonstrated! by! E.# histolytica! strains! when! compared! with! HMU1:IMSS,!a!difference!apparently!independent!of!genotype!quality!(pUvalue!<!0.01).!The!differences! between!E.# histolytica! and!E.#moshkovskii! strains! robustly! demonstrate! a!greater! evolutionary! distance! between!E.#moshkovskii! Laredo! and! the! species’! other!strains! than! exists! between! HMU1:IMSS! and! other! E.# histolytica! strains.! Within! E.#
moshkovskii,! the! three! nonUreference! strains’! divergence! from! Laredo! supported! the!figures! seen! in! Table! 3.3.1,! suggesting! that! strain! 15114! is! the! least! divergent! from!Laredo! (compared! with! Snake:! pUvalue! <! 0.01;! compared! with! FIC:! pUvalue! <! 0.01).!Strain!FIC!is!significantly!more!divergent!than!both!15114!and!Snake!(compared!with!Snake:!pUvalue!<!0.01),!supporting!the!early!deductions!made!in!Section!3.3.1.!!!
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!
Figure$3.3.1a.$Cumulative$divergence$of$Entamoeba)histolytica,$Entamoeba)dispar$
and$ Entamoeba) moshkovskii$ strains,$ relative$ to$ their$ reference$ strains,$ as$ a$
function$of$genotype$quality$up$to$values$of$‘99’.!E.#histolytica!strains!are!denoted!by!solid!lines,!E.#dispar#AS16IR!by!a!dashed!line,!and!E.#moshkovskii#strains!by!dotted!lines.!!
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!
Figure$ 3.3.1b.$ Divergence$ of$ Entamoeba) histolytica,$ Entamoeba) dispar$ and$
Entamoeba)moshkovskii$strains,$relative$to$their$reference$strains,$as$a$function$
of$genotype$quality$values$of$‘99’.!E.#histolytica!strains!are!denoted!by!red!columns,!
E.#dispar#AS16IR!by!blue,!and!E.#moshkovskii#strains!by!green.!!! Within!E.#histolytica,!strains!DS4!and!MS96!demonstrated!consistently!greater!divergence!from!HMU1:IMSS!than!the!other!E.#histolytica!strains!(pUvalue!<!0.01),!albeit!still! at! low! levels! relative! to! those! seen! in! the! E.# moshkovskii# strains.! Whilst! it! is!possible!that!this!is!indicative!of!a!higher!proportion!of!SNPs!in!these!two!strains,!it!is!more! likely! that! this! is! a! consequence!of! the!higher!quality!mapping! seen! in! Section!3.3.1.!Reads!for!DS4!and!MS96!mapped!to!a!larger!proportion!of!the!reference!genome!and! to! a! higher! average! depth! than! the! other! strains! so! SNPs!may! have! been!more!confidently!called!and!in!loci!to!which!the!other!strains!did!not!map.!Divergence!in!E.#
dispar! strain! AS16IR! was! found! to! be! significantly! more! diverse! than! the! average!values!seen!in!E.#histolytica!(pUvalue!<!0.001).!However,!the!limited!number!of!E.#dispar!strains! means! no! more! than! a! tentative! suggestion! can! be! made! as! to! the! species’!relative!diversity.!Future!projects!would!benefit!from!the!inclusion!of!a!larger!number!of!E.#dispar!strains!in!such!a!study!so!as!to!gain!a!clearer!understanding!of!its!diversity!relative!to!other!members!of!the!genus.!!
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At!this!stage,!it!is!important!to!discuss!the!differences!between!the!strains!and!species! sequenced! in! this! chapter.! Firstly,! as! was! mentioned! in! Section! 3.1.2,! the!various! strains! were! isolated! in! different! years,! ranging! from! 1948! to! 2007.! It! is!possible!that!the!E.#histolytica!reference!strain!might!have!lost!heterozygosity!over!the!years!in!which!it!has!been!cultured!by!researchers,!making!it!a!less!direct!comparison!with!E.#dispar!and!E.#moshkovskii.!The!degree!to!which!in#vitro!culturing!of!strains!has!resulted! in! reduction! of! heterozygosity! cannot! be! known! for! the! strains! used! here.!Naturally,! strains! isolated! longer! ago! that! have! been! frequently! cultured! in# vitro! are!likely! to! have!undergone! the! greatest! losses;! however,! it! is! unknown!how! long! each!strain!has!been!subcultured!for!over!the!years.!Furthermore,!the!longer!they!have!been!removed!from!the!environment!from!which!they!were!isolated,!the!greater!the!chances!that! there! are!differences!between! the! isolates! and! their! contemporary!descendants.!As!such,!one!cannot!consider!the!isolates!used!in!this!study!to!be!directly!comparable.!Unfortunately,! it! was! impractical! to! isolate,! axenise! and! sequence! enough! strains! to!perform! this! comparison! using! new! isolates.! The! use! of! the! various! E.# histolytica!strains! in! similar! studies! in! recent! years! [68,! 272]! demonstrates! that! one! can! still!acquire!meaningful!results!from!the!comparisons,!albeit!with!the!small!caveat!that!one!cannot!guarantee!that!the!differences!between!the!isolates!would!also!be!seen! in#vivo!today.!!
3.3.3$Investigating$genomic$diversity$within$different$sequence$classes$! To!better!understand!in!which!regions!of!the!genomes!differences!in!diversity!between! E.# histolytica! and! E.# moshkovskii! occur,! SNP! rates! in! a! range! of! sequence!classes!were!studied!in!more!detail!(Figure!3.3.2;!Table!3.3.3).!Both!homozygous!and!heterozygous!SNPs!were!included!in!this!analysis.!MannUWhitney!statistical!tests!were!used! to! compare! the! average! divergence! between! sequence! classes! between! the!species.!An!alpha!level!of!0.05!was!used!for!all!tests.!Statistically!significant!differences!in!divergence!were! found!between! the!E.# histolytica! and!E.#moshkovskii! strains! in! all!sequence!classes!(for!4D!sites!and!intronic!regions,!pUvalue!=!0.02;!for!all!other!classes,!pUvalue!<!0.01).!This!confirms!that!the!greater!divergence!in!E.#moshkovskii!suggested!in!Section!3.3.2!is!ubiquitous!across!the!genome.!!! Within! E.# moshkovskii# and! E.# histolytica,! occurrences! of! polymorphisms! in!coding! regions! were! compared! with! those! in! a! variety! of! nonUcoding! regions.! The!significance!of!any!differences!between!classes!was!tested!using!a! twoUtailed!Welch’s!
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paired!tUtest,!with!an!alpha!level!of!0.05.!There!were!no!significant!differences!between!the!divergence! seen! in! coding! regions! and! those! values! recorded! for! the!nonUcoding!regions! in!E.#moshkovskii.! Conversely,! coding! regions! of!E.# histolytica! genomes!were,!overall,!significantly!more!divergent!than!intronic!regions!(t!=!15.0988,!d.f!=!7,!pUvalue!=!1.34!eU6)!and!3’!flanking!regions!(t!=!2.5806,!d.f!=!7,!pUvalue!=!0.036).!This!suggests!that!polymorphisms!occur!at!different!rates!in!these!regions!of!E.#histolytica.!This!could!not!be!proven!convincingly!in!E.#moshkovskii,!possibly!implying!a!greater!importance!of!some!nonUcoding!sequences!in!E.#moshkovskii.!!!Once! thought! to! be! nonUfunctional! ‘junk’,! nonUcoding! DNA! is! now! known! to!contain! a! wealth! of! regulatory! elements! involved! in! the! control! of! such! important!processes!as!DNA!replication!and!gene!expression![289U295].!As!intergenic!regions!in!
Entamoeba#genomes!are!very!short! it!may!be!that#they!are!very!densely!packed!with!regulatory! regions.# These! findings! do! contradict! a! previous! study! that! focused! on!individual! genes! and! associated! nonUcoding! regions,! which! suggested! that! the! latter!were! more! divergent! than! coding! regions! due! to! their! being! under! less! selective!pressure![268].!However,!it!is!likely!that!the!difference!between!the!two!conclusions!is!because! the! analyses! featured! here! were! performed! across! the! entire! genome,! as!opposed!to!selected!regions,!and!so!are!based!upon!more!data.!!The! 5’U! and! 3’Uflanking! regions! of! a! sequence! typically! contain! promoter! and!enhancer! regions,! to! which! transcription! factors! sometimes! bind! [296].! SNPs! in! 5’Uflanking!regions!are!known!to!affect!regulation!and!expression! levels! [297U299].! It! is!interesting! to! hypothesise! that! the! greater! relative! divergence! seen! in! the! E.#
moshkovskii!3’!flanking!regions!is!indicative!of!variable!expression!levels!necessitated!by!a!range!of!subtly!different!‘lifestyles’.!The!effects!of!promoterUbased!SNPs!on!stress!resistance!have!previously!been!reported,!so!it! is!conceivable!that!SNPs!in!5’U!and!3’Uflanking!regions!could!facilitate,!as!an!example,!survival!outside!of!a!human!host![300].!It!was!shown!in!Chapter!Two!that!E.#moshkovskii!possessed!a!greater!number!of!genes!involved! in! cell! signalling! and! communication! than!E.# histolytica.! Expression! of! such!genes!would!likely!be!highly!regulated,!by!nonUcoding!elements.!This!might!account!for!some!of! the!difference!between! the! two! species.! Such! appealing! conjecture! could!be!supported!by!future!transcriptional!studies!of!E.#moshkovskii!strains!and!could,!indeed,!be!applied!to!other!Entamoeba!species.!!
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! It! is! interesting! to!note! that,! in!all! sequence!classes,!E.#histolytica! strains!DS4!and! MS96! were! more! divergent! than! other! E.# histolytica! strains,! and! that! E.# dispar!AS16IR! was! even! more! divergent! from! its! reference,! though! less! so! than! the! E.#
moshkovskii!strains.!The!two!E.#histolytica!strains’!relatively!high!divergence!was!likely!due! to! greater! sequencing! depth! as! discussed! earlier.! The! higher! SNP! rate! in! the!E.#
dispar! strain,! despite! a! poor! average! sequencing! depth,! is! interesting! as! it! suggests!slightly! higher! diversity! in!E.# dispar# than!E.# histolytica.! It! is! important! to! remember,!however,! that! this! observation! is! based! upon! a! comparison! of! a! limited! number! of!strains! and! further!work!would! be! required! to! conclusively! compare! diversity! in!E.#
histolytica!and!E.#dispar.! !!
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!
Figure$ 3.3.2.! Divergence$ of$ Entamoeba) histolytica,$ Entamoeba) dispar$ and$
Entamoeba) moshkovskii$ strains,$ relative$ to$ their$ reference$ strains,$ within$
different$ sequence$ classes.$ SNPs! occurring! in! regions! classified! as! both! flanking!regions!and!coding!regions!were!considered!to!occur!in!coding!regions!only.!Rates!are!relative!to!sites!within!their!respective!sequence!classes.!
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707,613!124,789!
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65,233!
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As! stated! above,! divergence! across! strains’! 4D! sites! was! greater! in! E.#
moshkovskii#than!in!E.#histolytica!(Figure!3.3.2).!Such!sites!have!long!been!thought!to!be!under!neutral!selective!pressure,!given!that!mutations!in!them!do!not!affect!the!amino!acid! that! their! triplet! encodes! [301,! 302].! As! such,! they! provide! an! opportunity! to!evaluate! the! overall! differences! in! diversity! between! species! without! the! added!complication!of!selective!pressures!influencing!results.!With!this!in!mind,!the!4D!sites!present!in!E.#histolytica,!E.#moshkovskii!and!E.#dispar!were!employed!to!approximately!calculate!the!age!of!each!species’!strains’!most!common!ancestor!(Time!to!Most!Recent!Common!Ancestor,!or!TMRCA)!to!further!evaluate!relatedness!between!strains!of!the!species.!!All! homozygous! 4D! sites! to! which! reads! were!mapped! at! a! depth! of! 35x! or!greater!in!all!strains!of!each!species!were!identified!and!concatenated.!This!amounted!to!339,091!bases!in!E.#histolytica,!641,223!bases!in!E.#moshkovskii,!and!53,216!bases!in!
E.#dispar.!The!uncertain! impact!of!heterozygous!SNPs!upon!diversity!meant!that! they!could! not! be! considered! high! quality! calls,! so! could! not! be! included! from! this! point!onwards.! SNPs! between! each! pair! of! strains! within! a! species! were! counted! and!calculated!as!fractions!of!the!total!number!of!4D!sites!covered!to!a!sufficient!depth.!The!pairwise!SNP!rates!in!E.#dispar,#E.#histolytica,!and!E.#moshkovskii!were!used!to!calculate!TMRCAs,! as! well! as! to! visualise,! for! the! first! time,! the! phylogenetic! relationships!between!the!strains!of!E.#moshkovskii!(Table!3.3.4;!Figure!3.3.3;!and!Appendix!B,!Table!B.2).!! !The! accuracy! of! the! calculation! of! a! species’! TMRCA! is! dependent! upon! the!accuracy! of! the! assumed! mutation! rate.! Whilst! the! exact! mutation! rates! of! the!
Entamoeba! species!are!unknown,! the!generic!eukaryotic! rate!of!2.2!eW9! substitutions!per! base! per! annum!was! considered! an! acceptable! approximation! given! its! use! in! a!similar!previous! study! [303,!304].!Based!upon! this,! the!TMRCA! for! the! two!E.#dispar#strains!is!approximately!208,000!years.!These!are!unlikely!to!be!the!two!most!distant!
E.#dispar!strains!though,!so!it!is!probable!that!the!TMRCA!of!the!species!will!increase!if!more! strains! are! included! in! future! calculations.! The! TMRCA! for! E.# histolytica! is!165,000! years,! whilst! the! TMRCA! for! the! E.# moshkovskii! strains! is! approximately!81,590,000! years.! As! such,! it! can! be! concluded! that! E.# moshkovskii! first! evolved!approximately! 494! times! longer! ago! than! E.# histolytica.! As! mutations! accrue! at! a!particular! rate!over! time,! as! stated!above,!E.#moshkovskii!would! thus!have!accrued!a!
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greater! number! of!mutations! than!E.# histolytica,! explaining!why! greater! variation! is!seen!in!E.#moshkovskii.!!The! limitations! of! analysing! evolution! using! 4D! sites! should,! however,! be!discussed.! Firstly,! as! stated! earlier,! the! assumed!mutation! rate! is! not! specific! to! the!
Entamoeba! species.! As! such,! it! is! likely! to! be! a! slightly! inaccurate! estimate.!Compounding! this! is! the! potential! for! 4D! sites! to,! contrary! to! longWheld! beliefs,! be!subjected!to!selective!pressures!that!vary!between!species!and!even!between!genes,!as!has!been!shown! in!other! species! [305,!306].!Of!particular! interest!was! the!discovery!that!4D! sites!within! certain! genes! in! the!Drosophila#melanogaster! genome!are!under!strong! purifying! selective! pressures! [305].! However,! until! such! research! can! be!corroborated,! particularly! with! respect! to! Entamoeba! genomes,! it! was! deemed!reasonable!to!accept!the!traditional!view!of!selective!pressures!on!4D!sites.!The!results!presented!here!provide!evidence!that! the!apparent!higher!diversity! in!E.#moshkovskii!relative! to!E.#histolytica! exists!between!every! strain,! and!not! just!between!each!nonWreference!strain!and!Laredo.!!!! Whilst! calculating! the!TMRCA! in!E.#moshkovskii,! it!was!possible! to! assess! the!phylogenetic! relationships! between! the! four! sequenced! strains! (Figure! 3.3.3).! This!provided! confirmation! that! strain! FIC! is! the!most! distantly! related! to! Laredo,!whilst!strain! 15114!was! the! closest! sequenced! relative! of! the! reference! strain.! A! previous!study!focusing!specifically!on!E.#histolytica#isolates!of!Asian!origin!suggested!that!there!was!a!geographic!link!to!the!disparity!between!E.#histolytica!strains![307].!It!would!be!interesting!to!compare!more!E.#moshkovskii!strains!to!ascertain!whether!this!is!the!case!in!other!Entamoeba!species.!The!strains!compared!herein!all!have!different!countries!of!origin!(Table!3.3.2).!
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Table! 3.3.4.! SNP! rates! in! 4D! synonymous! sites! common! to! four! strains! of!
Entamoeba)moshkovskii.!Rates!are!given!as!the!number!of!SNPs!per!4D!site!across!the!reference!genome.!The!greatest!SNP!rate!between!a!pair!of!strains!is!in!bold.!!
! Laredo! FIC! 15114!
FIC! 0.104839! ! !
15114! 0.014817! 0.176561! !
Snake! 0.095302! 0.179496! 0.096913!
!!!!!
!
Figure!3.3.3.!Phylogeny!of!Entamoeba)moshkovskii)strains!based!upon!diversity!
in!4D!synonymous!sites.!The!tree!was!generated!using!a!NeighbourWJoining!method!and!is!unrooted.!All!bootstrap!values!are!1,000!out!of!1,000,!indicated!by!asterisks!at!all!branching!points.!
!
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3.3.4$ Comparisons$ of$ pairwise$ divergence$ between$ orthologues$ in$ Entamoeba)
histolytica$and$Entamoeba)moshkovskii$!! Whilst!differences! in!diversity! in! coding! regions!between!E.#histolytica! and!E.#
moshkovskii!thus!far!appeared!to!be!statistically!significant,!the!different!gene!sets!did!not!offer!a!direct!comparison!and,!unlike!the!analysis!of!4D!synonymous!sites,!they!did!not! take! into!account!variation!between! the!non?reference! strains.!As! such,!diversity!(π)! in!6,095!pairs!of!directly!orthologous!genes!(as!identified!by!a!reciprocal!BLASTP!search! between! the! two! species’! reference! strains! using! default! parameters)! was!measured! in! pairwise! comparisons! between! all! strains! in! each! species.! Statistical!significance! of! differences! between! diversity! values! in! these! RBH! pairs! was! tested!using! a! two?tailed!Welch’s! paired! t?test.! An! alpha! value! of! 0.05!was! used.! Again,! to!ensure!high!confidence!SNP!calls!were!used,!only!homozygous!SNPs!were!included.!! The! comparison! between! the! species! was! reduced! due! to! the! need! to! omit!certain!genes! from!the!set!of!6,095!RBH!pairs.! In!only!2,485!pairs!did!both!members!contain!SNPs,!meaning!that!only!2,485!ratios!of!diversity!values!could!be!calculated.!Of!the!pairs!that!were!omitted,!2!had!0!SNPs!in!both!species,!whilst!3,606!had!0!SNPs!in!E.#
histolytica!only,!and!4!had!0!SNPs!in!E.#moshkovskii!only.!Although!these!pairs!could!not!be! included! in! the! analysis,! these! numbers! do! reinforce! the! following! findings.! The!comparison! between! the! 2,485! RBH! pairs! demonstrated! that! diversity! in! E.#
moshkovskii! coding! regions! is! approximately! 200! times! greater! than! in!E.# histolytica!coding!regions!(t!=!213.0161,!d.f!=!2484,!p!<!0.01;!Figure!3.3.4).!This!suggests!that!the!evolutionary!distances!between!strains!FIC,!15114!and!Snake!are,!on!average,!greater!than! the!mean!distance!between! the! three!non?reference! strains! and!Laredo.! It! also,!importantly,!offers!more!conclusive!evidence!of!the!differences!in!diversity!between!E.#
histolytica!and!E.#moshkovskii!! Of!the!2,485!RBH!pairs,!only!two!contained!an!E.#histolytica!gene!that!was!more!diverse! than! its! orthologue! in! E.# moshkovskii.! The! members! of! one! of! these! pairs!encoded! the! translation! initiation! factor! eIF?5A! (EHI_151540,! g12742),! whilst! the!other! pair! consisted! of! orthologues! containing! a! ricin! B! lectin! domain! (EHI_164470,!g12207),!found!in!carbohydrate!recognition!proteins![308?310].!Whilst!the!differences!in! divergence!between! the!members! of! the!pairs!were!negligible! compared!with! the!average!difference!between!orthologues!where!diversity!in!E.#moshkovskii#is!higher,!it!is! still! interesting! to! suggest! that! these! proteins! may! play! an! important! role! in! E.#
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histolytica.! Certainly,! it! is! logical! that! a! protein! involved! in! carbohydrate! recognition!and!binding!could!be!of!importance!in!the!lifestyle!of!the!pathogenic!E.#histolytica.!!
$
3.3.5$Identification$of$most$diverse$genes$and$functions$within$each$species$!! In! the! previous! section,! diversity! was! studied! only! in! genes! with! direct!orthologues!in!E.#histolytica!and!E.#moshkovskii,!thus!omitting!the!majority!of!genes!in!the!two!genomes.!Here,!all!genes!within!all!three!species!were!studied,!allowing!for!the!identification!of!the!most!diverse!sequences!within!each!species,!thus!identifying!genes!that!are!theoretically!specific!and!important!to!the!lifestyle!of!the!species!in!question.!In!order!to!identify!these!genes,!diversity!(π)!values!were!calculated!for!all!genes.!In!E.#
histolytica,!SNPs!were!identified!between!at!least!one!pair!of!strains!in!40.57%!of!the!total! gene! set.! As! might! be! expected,! the! proportion! seen! in# E.# moshkovskii! was!considerably!higher!at!99.03%.!The!proportion!of!genes!found!to!vary!between!the!two!
E.#dispar!strains!was!considerably!lower!than!both!of!these!values!(32.30%)!as!a!result!of! the! limited! number! of! strains! used! and! the! relatively! limited!mapping! of! AS16IR!reads.!However,!it!was!still!interesting!to!analyse!which!genes!proved!most!divergent!between!these!two!strains!as!a!preliminary!analysis!of!diversity!within!the!genome.!! Those!sequences!demonstrating!the!highest! levels!of!diversity!in!each!species!were!identified,!and!functional!or!physical!annotations!were!retrieved!from!AmoebaDB!and! UniProt,! respectively! (Figures! 3.3.5,! 3.3.6! and! 3.3.7).! Whilst! not! a! direct!comparison,! it! is! interesting! to! note! that! the! range! of! diversity! values! in! the! three!species! positively! correlates!with! the! number! of! genes! containing! SNPs.! The! highest!diversity!value!seen!in!E.#moshkovskii!is!considerably!higher!than!the!equivalent!values!in!E.#histolytica!and!E.#dispar,!which!are,!themselves,!relatively!similar.!Meanwhile,!the!lowest!diversity!value!in!E.#histolytica!is!1.27!e?5!(EHI_114220)!and!the!lowest!value!in!
E.#moshkovskii!is!9.70!e?5!(g12207).!! Of!the!20!most!diverse!coding!sequences!seen!in!E.#histolytica,!the!functions!of,!or! functional!domains!contained!within,!12!of! them!are!known!(Figure!3.3.5).!One!of!the!most!diverse!of!this!subset!is!a!sequence!annotated!as!encoding!a!viral!replication?associated! protein! (EHI_145460).! The! viral! protein! to! which! the! Entamoeba! gene!appears!to!bear!similarity!is!essential!to!the!replication!of!geminivirus!DNA![311]!and!shares! great! similarity!with! bacterial! proteins! involved! in! genome! replication! [312].!This!protein!has!an!orthologue! in!E.#dispar!but!not! in!any!other!species,!according!to!
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AmoebaDB.! It! would! be! very! interesting! for! further! studies! to! investigate! the! role!played!by!this!protein!in!these!two!human?infective!Entamoeba!species.!!Of!particular! interest! amongst! the!high!diversity!E.# histolytica! sequences!was!the! large! number! of! AIG1?encoding! genes.! The! AIG1! family! may! be! involved! in!resistance! to! bacterial! infections! [206,! 207],! suggesting! that! the! ability! to! resist!infections!and!improve!chances!of!survival!in!the!host!intestinal!lumen!is!a!key!point!in!the!life!cycle!of!E.#histolytica.!Three!genes!that!encode!BspA!proteins!were!also!present!in!the!20!most!diverse!sequences!in!E.#histolytica.!It!is!possible!that!the!diversity!seen!in!them!is!exaggerated!by!sequencing!errors!of!their!leucine?rich!repeat!(LRR)!region;!however!this!observation!supports!the!findings!of!Chapter!Two!that!this!vast!protein!family!is!of!importance!in!establishing!infections!in!E.#histolytica.!!!As!would! be! expected,! the!majority! of! genes! found! to! be! highly! diverse! in!E.#
moshkovskii!(Figure!3.3.6)!were!unannotated,!either!due!to!a!lack!of!direct!orthologues!during! the! annotation! of! the! Laredo! genome! or! because! the! functions! of! any!orthologues! were! also! unknown.! Of! those! to! which! functional! annotations! could! be!attributed,!the!majority!were!identified!as!housekeeping!genes,!that!is,!genes!that!play!no!obvious!role!in!pathogenesis!but!which!are!expected!to!be!vital!to!the!survival!of!the!niches!into!which!the!Entamoeba#species!have!evolved!to!fit.!It!is!helpful!to!distinguish!between!genes!that!are!known!to!contribute!towards!pathogenesis!and!those!required!for!maintaining!cell!functions!and!viability.!This!is!because!it!separates!those!functions!specific! to! the! invasive! species! that! can! be! targeted! with! a! view! to! decreasing! the!development! of! disease! states! from! those! genes’! functions! that! are,! perhaps,!ubiquitous!or!else!could!not!be!targeted.!! The!highly!diverse!Ras!GTPase!in!E.#moshkovskii!belongs!to!a!superfamily!that,!as!stated!in!Chapter!Two,!performs!a!variety!of!cellular!functions![218].!The!functions!of! the! three! diverse! enzymes! in! E.# moshkovskii! have! not! been! well! characterised,!however!it!is!possible!to!speculate!as!to!the!importance!of!endo?1,4?beta?xylanase.!It!is!known! to! be! involved! in! degradation! of! plant! cell! walls! [313],! potentially!demonstrating!the!ability!of!the!Entamoeba!species!to!exploit!the!diet!of! its!host.!The!only! annotated! sequence! encoding! a!potential! virulence! factor! is! the! gene! exhibiting!the! greatest! amount! of! diversity,! which! encodes! a! light! Gal/GalNAc! lectin! subunit.!Whilst!it!does!not!directly!interact!with!host!cells!or!proteins,!evidence!has!been!found!that!light!Gal/GalNAc!lectin!subunits!play!a!role!in!virulence,!potentially!being!involved!
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in!the!gathering!of!the!lectin!complexes![314?316].!Unfortunately,!it!cannot!be!known!at!this!point!whether!the!protein!encoded!by!this!particular!gene!is!involved!in!such!a!process! and! whether! it! would! be! of! particular! importance! in! the! life! cycle! of! E.#
moshkovskii.! Future!studies!would!be!encouraged! to! look!at! this! in!greater!depth.!As!most! of! the! genes! identified! as! highly! diverse! in! E.# moshkovskii# have! unknown!functions! it! is! tempting! to! speculate! that! this! is! because! they! are! specific! to! E.#
moshkovskii#and,!therefore,!unstudied.!It!is!quite!possible!that!these!genes!are!involved!in!host!interaction!and,!therefore,!they!are!also!promising!targets!for!future!study.!!!The!majority!of!the!most!diverse!sequences!in!E.#dispar,!according!to!this!study,!are! unannotated,! much! like! in! E.# moshkovskii! (Figure! 3.3.7).! Of! the! seven! that! are!annotated,!three!lack!annotations!but!contain!LRR!regions.!Again,!whilst!it!is!possible!that!the!repeat!regions!caused!sequencing!errors,!making!the!genes!appear!to!be!more!diverse!than!they!actually!are,!the!regions!do!appear!to!play!a!structural!role,!allowing!protein?protein! interactions! [317,! 318].! However,! sequences! containing! LRRs! are!numerous!and!perform!a!variety!of!functions,!meaning!it!is!not!possible!to!know!what!roles! these! genes! may! play.! That! being! said,! given! that! E.# dispar! is! not! known! to!possess!any!members!of!the!LRR?containing!BspA!family!other!than!one!pseudogene,!it!is! unlikely! that! these! proteins! are! involved! in! cell?cell! adhesion! as! they! are! in! E.#
histolytica.! Whilst! no! certain! conclusions! can! be! drawn! without! more! complete!functional! annotations! of! the! E.# dispar! gene! set,! it! would! appear! that! survival! of! E.#
dispar!is!less!dependent!upon!an!ability!to!adhere!to!host!cells.!This!would!suggest,!as!was! seen! in! Chapter! Two,! that! adherence! to! the! intestinal! wall! of! hosts! is! a! crucial!difference!in!the!life!cycles!of!E.#dispar!and!E.#histolytica.!!!The! other! annotated! sequences! found! to! be! most! diverse! in! E# dispar! play!housekeeping! roles,! as!was! seen! in! the!majority! of! annotated!diverse!E.#moshkovskii!sequences.! Again,! a! member! of! the! Ras! superfamily! is! seen,! however! the! other!annotated! genes! perform! functions! not! seen! in! the! equivalent! E.# histolytica! and! E.#
moshkovskii#gene! sets.!Whilst! it!must!be! remembered! that!only! two!E.#dispar! strains!have!been!used!to!identify!the!most!variable!sequences!in!the!species,!these!differences!between! the! three! species! support! the! suggestion! that! different! genes,! beyond!virulence! factors,! are! important! to! their! survival.#As! is! the! case! with! the! other! two!species,! it! is! likely! that! improved! functional! annotation! of! the!E.# dispar! genome! and!inclusion! of! a! greater! number! of! strains! would! reveal! more! about! the! genes! most!important!to!the!survival!of!this!human?infective!species.!
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3.3.6$Identification$of$genes$and$functions$under$diversifying$selective$pressure$
within$each$species$using$dN/dS$ratios$!! !The!above!analyses!based!upon!SNP!counts!revealed!less!than!was!hoped!about!diversity!and!the! functions!of!most! importance! in!E.#histolytica,!E.#moshkovskii!and!E.#
dispar.!As!such,!a!more!detailed!analysis!of!polymorphisms!was!carried!out!to!identify!the!types!of!selective!pressures!active!upon!genes.!Ratios!of!dN!to!dS!values!(dN/dS)!were!calculated!for!each!coding!sequence!in!each!strain!of!E.#histolytica,!E.#moshkovskii!and!E.#dispar,!using!homologous!SNPs!only.!The!ratios!were!calculated!relative!to!each!strain’s! respective! reference! genome.! Attempting! a! pairwise! calculation! would! have!required!one!to!accept!the!assumption!that!all!SNPs!were!called!in!each!strain,!which!was!almost!certainly!not!the!case,!and!that!any!base!not!called!as!a!SNP!was!definitely!the!same!as!in!the!reference!strain.!Furthermore,!heterozygous!SNPs!were!once!more!omitted,!as!calculation!of! the! impact! they!have!upon!a!sequence’s!dN/dS!ratio!would!have!been!impractical!as!they!may!cause!individual!positions!to!be!considered!as!being!the!site!of!both!synonymous!and!nonIsynonymous!changes.!! In!E.#moshkovskii,! the!majority!of!genes! identified!as!being!under!diversifying!selective! pressure! lacked! annotations! or! known! domains! (Table! 3.3.5).! However,! a!number!of! sequences,! the! functions!of!which!are!known,!were! identified,! including!a!relatively!large!number!of!BspA!family!members.!It!is!interesting!that!members!of!the!BspA!family!appear!to!be!important!to!the!survival!of!all!three!E.#moshkovskii!strains,!whilst! E.# dispar# possesses! no! complete! BspA! coding! sequences.! Whilst! there! are!numerous!Entamoeba!proteins!involved!in!cell!adherence,!including!the!ariel1!surface!antigen! seen! to! be! under! diversifying! selection! in! strain! 15114,! it! may! be! that! E.#
moshkovskii,! like!E.# histolytica,! utilises! BspA! proteins! to! adhere! to! host! cells.! In! this!case,! E.# moshkovskii! could! conceivably! be! a! more! probable! cause! of! symptomatic!amoebiasis!than!E.#dispar.!It!would!be!of!great!interest!to!study!how!crucial!the!BspA!family!is!in!allowing!adherence!to!host!cells!and!promoting!invasive!amoebiasis.!!In! addition! to! the!BspA! family! proteins,! all! three!E.#moshkovskii! strains!were!found! to! possess! genes! with! similar! housekeeping! functions! in! the! form! of! protein!kinases,! DNA! repair! proteins! and! Ras! family! GTPases.! No! further! putative! virulence!factors! were! seen! to! have! dN/dS! ratios! above! 1! and! to,! therefore,! be! of! particular!importance! in! survival.! These!data! suggest! that! the! strains! of!E.#moshkovskii! studied!
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here! are! humanIinfective,! though! they! are! inconclusive! with! regards! to! the! strains’!pathogenicity.!
$
$
Table$ 3.3.5.$ Functions$ under$ diversifying$ selective$ pressure$ in$ Entamoeba)
moshkovskii$ strains,$ according$ to$ dN/dS$ ratios,$ relative$ to$ the$ reference$ strain$
Laredo.$Numbers!represent!number!of!genes!to!which!each!annotation!was!attributed!within!each! strain.!Annotations!were! taken! from!orthologous! sequences!where!none!was!available!for!a!sequence!itself.!!!
Strain$
Function$
FIC$ Snake$ 15114$BspA!family! 20! 33! 27!Serine/threonine/tyrosine?!protein!kinase! 5! 5! 7!Surface!antigen!ariel1! I! I! 2!Serine!protease!inhibitor/leukocyte!elastase!inhibitor! 1! 1! 2!DNA!doubleIstrand!break!repair!Rad50!ATPase! 6! 7! 8!Heat!shock!protein!70! I! I! 2!Cullin!family!protein! I! 1! I!Ras!family!GTPase! 1! 2! 2!PQ!loop!repeat!protein! I! 1! I!DEAD/DEAH!box!helicase! I! 2! I!Nucleoside!diphosphate!kinase! 1! I! 1!Caldesmon! I! I! 1!CAAX!amino!terminal!protease!family!protein! I! I! 1!Methyltransferase!trm13!protein*! I! I! 1!AAA!family!ATPase! I! I! 1!Actin! I! 2! 2!Transitional!endoplasmic!reticulum!ATPase! I! 1! I!MucinI2! I! I! 1!Myosin!heavy!chain! I! I! 1!Proline!synthetase!associated!protein! I! I! 1!Acetyltransferase,!GNAT!family! I! I! 1!Hypothetical!protein! 19! 35! 70!!
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Table$ 3.3.6.$ Functions$ under$ diversifying$ selection$ in$ Entamoeba) histolytica$
strains$ and$ the$ Entamoeba) dispar$ strain$ AS16IR,$ according$ to$ dN/dS$ ratios,$
relative$to$their$respective$reference$strain.$Numbers!represent!number!of!genes!to!which!each!annotation!was!attributed!within!each!strain.!Annotations!were!taken!from!orthologous!sequences!where!none!was!available!for!a!sequence!itself.!!!
Strain$ Function$ Count$ Gene$IDs$
Entamoeba)histolytica)Ser/Thr!protein!kinase! 1! EHI_059040!DS4! Hypothetical!protein! 3! EHI_020930,!EHI_013900!EHI_025850!2592100! Hypothetical!protein! 1! EHI_180400!MS27! Hypothetical!protein! 1! EHI_013900!AIG1!family!protein! 1! EHI_176580!MS84! Hypothetical!protein! 1! EHI_174560!BspA! 3! EHI_190890,!EHI_049160!EHI_123820!DNA!polymerase! 1! EHI_132860!Ser/Thr!protein!kinase! 1! EHI_059040!Regulator!of!nonsense!transcripts! 1! EHI_148970!DEAD/DEAH!box!helicase! 1! EHI_119920!AIG1!family!protein! 1! EHI_115150!
MS96!
Hypothetical!protein! 6! EHI_101400,!EHI_160470!EHI_083760,!EHI_109010!EHI_013900,!EHI_154760!PVB! Hypothetical!protein! 2! EHI_032470,!EHI_111770!PVF! Hypothetical!protein! 2! EHI_032470,!EHI_111770!Rahman! Hypothetical!protein! 1! EHI_180400!
Entamoeba)dispar)Ser/Thr!protein!kinase! 3! EDI_334450,!EDI_188560,!EDI_239440!Ubiquitin!protein!ligase! 1! EDI_305290!Protein!phosphatase!2C! 1! EDI_247520!AS16IR!
Hypothetical!protein! 8! EDI_353340,!EDI_203280!EDI_113920,!EDI_195230!EDI_082470,!EDI_348320!EDI_313320,!EDI_185210!! !
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! dN/dS!ratios!indicating!diversifying!selective!pressures!acting!upon!genes!were!present! in! eight! of! the! nine! E.# histolytica! strains,! with! only! HKI9! appearing! to! lack!sequences!under!such!pressures!(Table!3.3.6).!However,!the!numbers!recorded!in!each!strain! were,! compared! with! counts! in! E.# moshkovskii,! very! low,! with! only! MS96!featuring! more! than! five! such! diversified! genes.! Of! those! genes! identified! as! being!under!diversifying!selection,!one!can!see!that,!as!with!the!comparison!of!pi!values,!the!majority!are!unannotated,!but!there!appear!again!BspA!and!AIG1!family!proteins.!This!reinforces!the!theory!that!these!families!play!roles!that!are!important!to!the!survival!of!
E.#histolytica.!The!number!of!genes!shown!to!be!under!diversifying!selection!in!E.#dispar!strain! AS16IR! is! similar! to! that! seen! in! E.# histolytica! MS96,! although! only! three!functions!were!identified.!Members!of!the!protein!phosphatase!2C!family!are!known!to!be! involved! in! regulation!of! signalling!pathways! in!eukaryotes! [319]! so! it! is!possible!that!they!play!a!similar!role!in!E.#dispar.!This!enzyme,!as!well!as!the!protein!ligase!and!protein! kinase! found! to! be! under! diversifying! selection! in! E.# dispar,! and! those!housekeeping!genes!under!similar!selective!pressures!in!the!other!two!species,!would!need! to!be!studied! in!greater!detail! to!determine! their!precise! functions!and!roles! in!helping!the!species!survive!their!environmental!niches.!The!relatively!low!numbers!of!genes!under!diversifying!selection!in!E.#histolytica!and!E.#dispar!are!likely!the!result!of!a!combination! of! factors.! Firstly,! every! E.# histolytica! strain! excluding! DS4! and! MS96!were,! as! was! discussed! earlier,! sequenced! to! a! relatively! low! depth.! As! such,! fewer!SNPs!were! likely! to! have! been! detected,! thus! profoundly! affecting! the! calculation! of!dN/dS! ratios.! Secondly,! dN/dS! ratios! can! only! be! accurately! calculated! where! a!sequence! contains! both! synonymous! and! nonIsynonymous! SNPs.! It! was! likely! that!many!genes!containing!only!nonIsynonymous!SNPs,!but!which!would!still!certainly!be!classed!as!being!under!diversifying!selection,!would!have!been!omitted.!This!would,!of!course,! have! also! affected! the! dN/dS! ratios! in! E.# moshkovskii.! In! light! of! this,! an!alternative! method! of! identifying! genes! under! diversifying! selection! was! devised.!Coding!sequences!containing!equal!dN!and!dS!values!must!have!a!dN/dS!ratio!of!‘1’.!As!such,!any!sequence!containing!a!greater!proportion!of!nonIsynonymous!SNPs!per!nonIsynonymous! site! than! synonymous! SNPs! per! synonymous! site! must! have! a! value!greater!than!‘1’.!Similarly,!when!the!difference!between!a!sequence’s!dN!and!dS!values!(dNIdS)!is!calculated,!equal!values!must!give!a!value!of!‘0’,!meaning!that!any!gene!with!a!difference!value!greater!than!‘0’!can!be!considered!to!be!under!diversifying!selection.!This!is!a!slightly!crude!method!but!it!is!far!more!inclusive,!allowing!for!identification!of!sequences!only!possessing!one!group!of!SNPs!(Figures!3.3.8!and!3.3.9).!
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!
Figure$3.3.8.$Counts$of$genes$under$diversifying$(green$bars)$or$purifying$(black$
bars)$ selective$ pressures$ in$ Entamoeba) moshkovskii$ strains.$ Genes! with! dN/dS!ratios!>1!are!under!diversifying!selective!pressures.!Those!with! ratios!<!1!are!under!purifying!selection.!In!differences!between!dN!and!dS,!the!cutoff!value!is!0.!Numbers!in!green!show!values!of!columns!that!are!difficult!to!see.!
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$
Figure$3.3.9.$Counts$of$genes$under$diversifying$(green$bars)$or$purifying$(black$
bars)$ selective$ pressures$ in$ Entamoeba) histolytica$ strains.$ Genes! with! dN/dS!ratios!>1!are!under!diversifying!selective!pressures.!Those!with! ratios!<!1!are!under!purifying!selection.!In!differences!between!dN!and!dS,!the!cutoff!value!is!0.!Numbers!in!green!show!values!of!columns!that!are!difficult!to!see.!
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3.3.7$ Identification$ of$ genes$ and$ functions$ under$ diversifying$ selection$ in$
Entamoeba)dispar$and$Entamoeba)histolytica$using$dNOdS$differences$! Using! a! positive! dNIdS! difference! value! as! an! indicator! of! genes! under!diversifying! selection! resulted! in! considerably! greater! numbers! of! genes! being!identified! in! the! E.# histolytica! strains! (Figure! 3.3.9).! In! total,! 1,998! genes! were!identified! as! being! under! diversifying! selective! pressure! in! one! or! more! strains,! of!which!44.24%!were!functionally!annotated.!The!annotated!sequences!encoded!a!large!variety!of!proteins,!predominantly!housekeeping!genes.!However,!in!each!strain!were!sequences!that!encoded!members!of!several!of!the!virulence!factor!families!identified!in!Chapter!Two!(Figure!3.3.10).!These! included!relatively! large!numbers!of!BspA!and!AIG1!family!proteins,!as!might!be!expected!given!the!previous!results! in!this!chapter.!Lesser! numbers! of! other! virulence! factor! family! members,! including! the! cysteine!proteases! and! Gal/GalNAc! lectin! subunits,! were! also! present.! It! is! important! to!remember! here,! however,! that! numbers! of! members! alone! are! not! enough! to!determine! the! relative! importance!of! a! family! to! a! species.! For! example,! six! cysteine!proteases!are!seen!to!be!under!diversifying!selective!pressures!in!varying!numbers!of!
E.# histolytica# strains,! yet! the! gene! known! to! encode! the! pathogenically! important!cysteine!protease!EhCPIA5!(EHI_168240)!is!not!amongst!them![74,!75].!As!such,!whilst!one! can! suggest! that! these! virulence! factors! play! important! roles! in! survival! of! E.#
histolytica,!it!is!not!possible!to!conclude!that!they!are!important!in!pathogenesis;!they!may!simply!have!housekeeping!roles.!!In!order!to!reduce!the!data!set!to!a!practicable!size,!only!those!genes!with!dNIdS!difference!values! above!an!arbitrary!value!of!0.005!were! compared! (Table!3.3.7).!This!offered!a!cutoff!point!and!a!way!of!identifying!the!individual!genes!thought!to!be!of! most! importance! to! the! survival! of! the! species,! rather! than! being! grouped! by!function! as! was! necessary! in! previous! sections.! As! can! be! seen,! the! majority! of!sequences!are!hypothetical!and,!of!all!of!the!virulence!factors!identified!in!the!full!set,!only! a! subset!of! the!BspA,!AIG1!and!ariel1! families!were!present! in! the! reduced! list.!This! suggests! that! the! virulence! factors! of! E.# histolytica! are! not! under! such! great!diversifying!pressures!as!it!first!appeared.!!Reducing! the! gene! set! to! only! include! those! with! dNIdS! values! greater! than!0.005!was!also!necessary!in!E.#dispar#AS16IR.!Of!the!844!sequences!under!diversifying!selective! pressure! according! to! their! dNIdS! difference! values,! 268!were! functionally!
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annotated!(Appendix!D,!File!D.3)!However,!in!the!reduced!set!of!30!sequences,!only!a!DnaK! chaperone! protein! and! a! multiIdrug! resistance! protein! were! annotated,!rendering! the! results! rather! uninformative! until! further! work! has! been! done! to!improve!the!E.#dispar!gene!set!annotation.!! !It! is! worth! noting! that! the! only! sequence! theoretically! under! diversifying!selective!pressure! in!all!E.#histolytica! strains! is!a!hypothetical!protein! the!majority!of!the! sequence! of! which! consists! of! repeat! units.! Whilst! the! gene! is! relatively! highly!expressed! (FPKM!value!of!98)!and!so!appears! to! serve!a! function,! it! is! interesting! to!note! that!dN!and!dS!values!are!heavily! influenced!by! the!presence!of!STRs! in!coding!sequences.! This! sequence!may! not,! therefore,! be! of! great! importance! to! these! eight!strains!of!E.#histolytica.!This!caveat!must!be!applied!to!all!dNIdS!and!dN/dS!results.!In!light!of!this,!and!the!limitations!of!dN/dS!ratios!described!earlier,!I!would!suggest!that!future! studies! would! benefit! from! a! test! combining! dNIdS! difference! values! and!analyses! of! sites!within! STRs,!which!would! provide! a!more! inclusive! data! set!whilst!compensating!for!bias!introduced!by!STRs.!
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Surface3antigen3ariel1
Thioredoxin
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Table& 3.3.7.& The& prevalence& of& Entamoeba) histolytica& sequences& with& dN:dS&
values&above&0.005&in&at&least&1&strain.&Single!asterisks!(*)!indicate!functions!derived!from! orthologous! sequences! listed! on! AmoebaDB.! Double! asterisks! (**)! indicate!functions!or!domains!described!in!UniProt.!!
Gene&ID& Function& No&of&strains&EHI_013900! Hypothetical!protein!Highly!repetitive! 9!EHI_152820! ATPNbinding!cassette!transporter*! 5!EHI_191400! Hypothetical!protein! 4!EHI_132380! Zinc!finger!RING!domain**! 4!EHI_079610! AIG1!family!protein! 4!EHI_072520! Hypothetical!protein! 4!EHI_176580! AIG1!family!protein! 3!EHI_004060! Hypothetical!protein! 3!EHI_190890! BspA!family!protein! 2!EHI_182790! NucleotideNbinding,!alphaNbeta!plait**! 2!EHI_170960! Hypothetical!protein! 2!EHI_156430! NUF1!protein! 2!EHI_142160! Hypothetical!protein! 2!EHI_120570! BspA!family!protein! 2!EHI_084160! BspA!family!protein! 2!EHI_071340! Hypothetical!protein! 2!EHI_025850! Midasin**! 2!EHI_025310! Hypothetical!protein! 2!EHI_020860! Hypothetical!protein! 2!EHI_002220! Hypothetical!protein! 2!EHI_201420! ERE1!repetitive!element*/TLDc!domain**! 1!EHI_196710! Hypothetical!protein! 1!EHI_193790! BiotinNacetylNCoANcarboxylase!ligase*/**! 1!EHI_186870! Hypothetical!protein! 1!EHI_186470! Surface!antigen!ariel1! 1!EHI_184470! 60S!ribosomal!protein!L14! 1!EHI_175720! Hypothetical!protein! 1!EHI_175710! Orthologues!with!mixed!functions*! 1!EHI_175700! Orthologues!with!mixed!functions*! 1!
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Gene&ID& Function& No&of&strains&EHI_172850! Surface!antigen!ariel1! 1!EHI_172730! Orthologues!with!mixed!functions*! 1!EHI_157360! AIG1!family!protein! 1!EHI_155330! Prefoldin,!alpha!subunit! 1!EHI_154760! Hypothetical!protein! 1!EHI_154590! LeucineNrich!repeatNcontaining!protein! 1!EHI_136940! AIG1!family!protein! 1!EHI_136840! Hypothetical!protein! 1!EHI_132250! Orthologues!with!mixed!functions*! 1!EHI_130540! Hypothetical!protein! 1!EHI_126560! AIG1!family!protein! 1!EHI_123820! BspA!family!protein! 1!EHI_111590! Hypothetical!protein! 1!EHI_109120! AIG1!family!protein! 1!EHI_106460! BspA!family!protein! 1!EHI_102490! Hypothetical!protein! 1!EHI_096690! Hypothetical!protein! 1!EHI_092340! Sec61!protein! 1!EHI_083760! AIG1!family!protein**! 1!EHI_072850! AIG1!family!protein! 1!EHI_062960! Hypothetical!protein! 1!EHI_058330! Gal/GalNAc!lectin!subunit! 1!EHI_049160! BspA!family!protein! 1!EHI_029510! Hypothetical!protein! 1!EHI_029350! 40S!ribosomal!protein!S8*/**! 1!EHI_022490! AIG1!family!protein! 1!EHI_021550! Hypothetical!protein! 1!EHI_020950! Hypothetical!protein! 1!EHI_012920! Hypothetical!protein! 1!EHI_004950! Hypothetical!protein! 1!EHI_004930! Hypothetical!protein! 1!
&
&!!
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3.3.8& Identification& of& genes& and& functions& under& diversifying& selection& in&
Entamoeba)moshkovskii&using&dN:dS&differences&
& In!the!case!of!E.#moshkovskii,!studying!every!sequence!with!a!dNNdS!difference!value! greater! than! 0! revealed! little! because,! once! again,! the! majority! of! sequences!lacked! functional! annotations! (Figures! 3.3.8! and! 3.3.11)! and! manual! attainment! of!orthologues’!functions!was!impractical.!Complete!lists!of!sequences!under!diversifying!selective!pressure!in!each!strain!are!available!in!Appendix!D,!File!D.4.!As!was!the!case!in! Section! 3.3.6,! a! large! difference! was! observed! in! the! number! of! sequences! and!functions! demonstrating! diversifying! selection! in! the! three! nonNreference! strains!(Figure! 3.3.11).! Strain! FIC! possessed! 267! genes! with! positive! dNNdS! values,! 263! of!which! were! unannotated,! whilst! strain! Snake! possessed! a! similar! 282! unannotated!genes,! alongside! 4! annotated! sequences.! The! strain!most! closely! related! to! Laredo! –!strain!15114!N!possessed!a!much!larger!number!of!genes!with!dNNdS!>!0!(745)!than!its!relatives,! though!only!80!were!functionally!annotated.!However,! this! is!not! indicative!of! greater! pressures! acting! upon! 15114’s! gene! sequences.! The! strain! possesses! a!comparable!number!of!SNPS! to!FIC!and!Snake,!however! they! reside!within!a!greater!number! of! coding! sequences! (Figure! 3.3.12).! As! such,! strains! FIC! and! Snake! may!possess! fewer! sequences! with! dNNdS! values! <! 0! when! compared! to! each! other,! but!those!they!do!possess!may!be!under!greater!diversifying!pressures!than!those!in!strain!15114,!depending!upon!proportions!of!synonymous!and!nonNsynonymous!SNPS.!!The! four! annotated! sequences! under! diversifying! selective! pressure! in! strain!FIC!encoded!a!BspA!family!protein,!a!prefoldin!subunit,!a!40S!ribosomal!protein!and!a!sequence! shared! by! strain! Snake! that! contained! the! common! zinc! finger! domain.!!Those!also!seen!in!Snake!encoded!an!alcohol!dehydrogenase,!a!60S!ribosomal!protein,!a! small! nuclear! ribonucleoprotein,! a!mannoseN1Nphosphate! guanylytransferase! and! a!sequence! containing! a!PQ! loop! repeat.!The!BspA!protein! and! alcohol! dehydrogenase!sequences!are!of!potential! interest!for!further!studies,!as!are!three!putative!virulence!factors! found! to!be!under! selective!pressure! solely! in! strain!15114,!one!encoding!an!alcohol!dehydrogenase,!one!a!peroxiredoxin!and!the!other!a!thioredoxin.!Whilst!all!are!regarded! as! virulence! factors,! they! do! also! play! roles! not! associated! with! virulence![209,!223,!229].!It! is!interesting!to!speculate!that!thioredoxin!might!be!of!importance!to! this! strain! in! surviving! environmental! oxidative! stresses.! It! is! expected! that! the!information! and! gene! IDs! acquired! here! will! be! more! informative! once! more!annotations!exist!for!E.#moshkovskii.!
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!
Figure& 3.3.11.& Counts& of& sequences& under& diversifying& selection& in& Entamoeba)
moshkovskii&strains&with&or&without&functional&annotations&
&
!
Figure& 3.3.12.& Cumulative& frequencies& of& SNP& counts& per& gene& in& the& three&
Entamoeba)moshkovskii&strains&
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3.3.9&Testing&for&evidence&of&meiotic&recombination&in&Entamoeba)moshkovskii)! During! the! course!of! this! chapter,! it! has!been!evident! that! genomic! sequence!variation! between!E.#moshkovskii# strains! is! significantly! greater! than! that! seen! in!E.#
histolytica.!I!wished!to!determine!whether!this!was!due!to!E.#moshkovskii!strains!simply!having! a! more! distant! most! recent! common! ancestor! than! E.# histolytica! strains! or!whether! it! is! because! E.# moshkovskii! actually! consists! of! multiple! individual! species!that! have! been! grouped! together! erroneously,! i.e.! a! species! complex.! ! The! fourNhaplotype!test!was!used!to!check! for!evidence!of!meiotic!recombination!between!the!four!E.#moshkovskii!strains.!According!to!the!infinite!sites!model!of!evolution,!individual!nucleotide! positions! can! only! mutate! once,! meaning! that! the! maximum! possible!number! of! haplotypes! between! two! physically! linked! sites! is! three,! unless!recombination! between! genomes! is! possible.! Furthermore,! recombination! is! more!likely! to! occur! between! sites! the! greater! the! distance! between! them.! As! such,! the!occurrence!of!four!haplotypes!within!a!species,!combined!with!a!greater!prevalence!of!such! haplotypes! over! greater! genomic! distances! act! as! reliable! indicators! of!meiotic!recombination.!Evidence!of!meiotic!recombination!has!previously!been!reported!in!E.#
histolytica,!demonstrating!that!it!can!occur!in!members!of!the!Entamoeba!genus![68].!!!A!Spearman’s!correlation!coefficient!was!applied!to!test!whether!there!was!any!significant! correlation! between! the! proportions! of! physically! linked! SNP! pairs! that!exist! as! four! haplotypes! and! the! distance! between! members! of! those! pairs! (Figure!3.3.13).! There!was!no! significant! correlation,!meaning! that! fourNhaplotype! SNP!pairs!are!not!more!prevalent!over!greater!distances.!This! suggests! that! recombination!has!not!occurred!in!the!evolutionary!history!of!the!strains!designated!as#E.#moshkovskii#and!that!gene!conversion!may,!in!fact,!be!the!cause!of!the!fourNhaplotype!SNP!pairs!that!are!present.! The! lack! of! evidence! of! recombination! strongly! suggests! that! not! all! E.#
moshkovskii!strains!studied!here!belong!to!the!same!species.!Further!investigation!will!need!to!be!carried!out!to!devise!a!method!of!differentiating!between!the!members!of!what!can!confidently!now!be!referred!to!as!a!species!complex,!rather!than!an!individual!species.!!! !!!!
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!!!!!
!
Figure& 3.3.13.& The& proportion& of& 4:haplotype& SNP& pairs& in& Entamoeba)
moshkovskii& as& a& function& of& the& distance& between& the& pairs.! SNP! pairs! were!physically! linked! (i.e.! they!were! on! the! same! scaffold/contig).! Each! point! represents!1,000! randomly! selected! SNP! pairs.! The! line! represents! the! correlation! between!distance!between!pairs!and!proportions!of!4Nhaplotype!SNP!pairs.!The!correlation!was!statistically!insignificant.!!!!!!!
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3.4&Concluding&remarks&
&
& In!this!chapter,!I!have!sequenced!for!the!first!time!the!genomes!of!three!strains!of!E.#moshkovskii! and!one! strain!of!E.# dispar.# I! have!mapped! the! reads! generated! for!these!strains,!along!with!reads!of!E.#histolytica!strains!present!in!the!public!domain,!to!their! respective! reference! genomes! and! compared! SNP! counts! and! rates! between!species!and! strains!as! a!measure!of!diversity.!Overall,! the!genomes!of!E.#moshkovskii!strains! were! found! to! be! more! diverse! than! those! of! E.# histolytica! strains,! with! the!former!species!approximately!200!times!as!diverse!as!the!latter.!This!greater!diversity!was!found!to!be!the!case!across!multiple!sequence!classes,!demonstrating!that!it!is!not!restricted!to!individual!regions!of!the!genome.!Furthermore,!E.#moshkovskii#was!found!to! have! diverged! from! its! strains’! most! recent! common! ancestor! nearly! 500! times!longer! ago! than!E.# histolytica’s! strains!did! from! theirs.! It! is! likely,! therefore,! that! the!reason! for! the!greater!diversity!within!E.#moshkovskii! is! that! its! genome!has!accrued!mutations!over!a!longer!period!of!time!than!that!of!E.!histolytica.!These!results!suggest!that! genetic! diversity! is! very! low! in! E.# histolytica! and! this! may! be! one! reason! why!resistance! to! commonly! used! drugs! such! as! metronidazole! has! not! been! observed.!However! the! greater! genomic! diversity! of! E.# moshkovskii! suggests! that,! if! it! is! a!potential!emerging!pathogen,!then!it!may!be!more!likely!to!accrue!resistance.!!!! I! have! also! identified! those! functions! believed! to! be! under! the! greatest!diversifying!selective!pressures!in!E.#histolytica,!E.#moshkovskii!and!E.#dispar.!Sequences!under! such! pressures! are! thought! to! be! of! importance! in! survival! of! hostNparasite!interactions.!Whilst! results!were! inconclusive! for!E.#moshkovskii! and!E.#dispar! due! to!lack! of! functional! annotations! and! lack! of! sequencing! data,! respectively,! there! did!appear!to!be!a!clear!difference!between!those!two!species!and!E.#histolytica.!The!latter!possesses!numerous!putative! virulence! factors,!which!were!not!under! such! selective!pressures! in!E.#moshkovskii! and!E.# dispar.! Of! particular! interest! are!members! of! the!BspA!family!and!members!of!Gal/GalNAc!lectin!complex,!which!play!roles!in!adherence!to! host! cells,! amongst! others.!Whilst! it!must! be! stressed! that! further!work!must! be!done! to! ascertain! the! roles! of! the! individual! genes! identified,! taken! together! these!findings! appear! to! confirm! that! adhesion! to! host! cells! is! one! of! the!most! important!steps!in!E.#histolytica#establishing!infections,!echoing!the!results!of!Chapter!Two.!!!!
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Finally,!the!fourNhaplotype!test!was!applied!to!demonstrate!that!E.#moshkovskii!should!not!be!considered!an!individual!species,!as!has!been!suspected!for!some!time.!Recombination!does!not!occur!between!all!of!the!‘strains’!of!E.#moshkovskii#featured!in!this!chapter.!As!such,!they!can!no!longer!be!thought!of!as!belonging!to!the!same!species!and!a!new!classification!for!the!members!of!this!species!complex!will!be!required!in!the!future.!The!fact!that!these!E.#moshkovskii!strains!are!probably!not!the!same!species!is!important!for!understanding!the!recent!reports!that!it!has!been!associated!with!human!infection.! It! may! be! that! only! one! of! these! sequence! types! can! be! infective! and,!therefore,!to!understand!the!epidemiology!of!this!emerging!disease!we!need!to!develop!better!diagnostics!that!can!differentiate!between!the!different!sequence!types.!Also,!if!there!are!pathogenic!and!nonNpathogenic! types!of!E.#moshkovskii,# they!could!act!as!a!useful!system!for!studying!the!emergence!of!pathogenicity.!!!!!!!!!!!!!!!!!!!!!!!!!
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Chapter& Four& –& Comparison& of& de) novo& assemblers& and& assembly&
methodology&using&Entamoeba)bangladeshi&genome&!
4.1&Introduction&!
4.1.1&Entamoeba)bangladeshi&
&
Entamoeba#bangladeshi! is! the!most! recent!species! in! the!Entamoeba! genus! to!be!discovered.!It!was!isolated!in!the!Mirpur!slum!region!of!Dhaka,!Bangladesh!as!part!of!a!longNterm!study!into!the!epidemiology!of!amoebiasis![25].!It!was!identified!when!PCR! tests! of! faecal! samples! known! to! contain! Entamoeba! cells! returned! negative!results! for! the! known! humanNinfective! species! Entamoeba# histolytica,! Entamoeba#
dispar!and!Entamoeba#moshkovskii![26].!Morphologically!identical!to!E.#histolytica![26]!and,!by!association,!E.#dispar#and!E.#moshkovskii#[2,!37],!E.#bangladeshi!is!suggested!to!be!a!close!relative!of!these!humanNinfective!species.!Certainly,!it!can!be!cultured!at!both!25°C!and!37°C,!much!like!E.#moshkovskii,!suggesting!physiological!similarities!between!the! two! [26].!The!epidemiological! implications!of! this!discovery!will!now!be!of!great!interest!to!the!amoebiasis!research!community.!The!global!prevalence!of!E.#bangladeshi!is!currently!unknown,!as!is!its!virulence!status.!!
Entamoeba!organisms!isolated!from!hosts!are!unable!to!be!cultured!in#vitro!in!sterile!conditions![158].!They!are,!instead,!cultured!with!a!mixture!of!bacterial!species!in! a! xenic! culture.!Over! time,! certain! strains! and! species! can! adapt! to! survive! in! the!absence! of! these! additional! species! [158,! 320].! However,! sometimes! strains! simply!cannot! survive! axenically! in# vitro.! The! process! of! adapting! to! sterile! conditions!(axenisation)! is! also! timeNintensive! and,! therefore,! impractical! for!many! studies.! The!bacterial! contaminants! pose! problems! for! genomic! assemblies,! particularly! of! novel!species! such! as! E.# bangladeshi.! There! are! no! axenic! cultures! of! E.# bangladeshi! and,!therefore,! new!methods! are! required! to! undertake! genomic! analyses! of! this! species.!This! chapter! investigates! the! effects! multiple! methods! can! have! upon! genome!assembly!quality!in!xenic!cultures!of!Entamoeba,!using!E.#bangladeshi!as!an!illustration.!!!
4.1.2&Challenges&of&de)novo&genome&assemblers&! Since!gaining!the!ability!to!generate!shorter!reads,!groups!have!been!competing!to!generate!de#novo! assemblers! that!can!construct!scaffolds!using! them.! Included!are!
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the!programs!employed!in!this!chapter!N!ABySS![144],!Velvet![141],!SOAPdenovo![143]!and!Ray! [142].!Whilst! all! four!of! these! assemblers!offer!different! assembly!methods,!they! all! use! de! Bruijn! graphs! based! upon! the! Euler! algorithm! [321,! 322].! Many!comparisons! have! been! made! between! the! vast! number! of! assemblers! available,!however! the! overall! conclusion! appears! to! be! that! the! properties! and! quality! of! the!genome! itself! are!more! important! factors! in! determining!which! assembler! performs!best!than!the!assemblers!themselves![111,!112,!323].!!!There!is,!however,!an!ongoing!debate!as!to!which!parameter!should!be!used!to!determine!the!quality!of!an!assembly.!Despite!the!common!use!of!the!N50!statistic!(the!smallest! scaffold! length!of!a! set!of! the! largest! scaffolds! in!an!assembly! the!combined!length!of!which!contains!at!least!50%!of!the!assembly![324]),!it!is!not!perfect!and!it!is!generally!accepted!that,!as!one!parameter!is!improved,!others!might!be!worsened![112,!125].!The!N50!benefits!those!assemblers!that!will!assemble!reads!into!scaffolds!in!spite!of!errors,!making!longer!scaffolds!but!not!necessarily!better!assemblies![61].!As!such,!it!is! not! suitable! for! analysis! of! every! assembly,! and! nor! is! any! other! individual!parameter.! No! comparisons! have! been! made! for! Entamoeba! and! so! it! is! currently!impossible!to!say!which!assembler!is!best!suited!to!constructing!an!Entamoeba!genome!
de# novo! and! finding! genes,! or! indeed!which! parameter! should! be! used! to! determine!this.!!!
4.1.3&Aims&of&chapter&!! In!this!chapter!I!have!sequenced!the!genome!of!the!recently!discovered!species!
E.#bangladeshi,!strain!8237.!I!have!used!the!generated!libraries!of!reads!to!compare!the!efficacy!of! four!genome!assembler!programs! in!performing!a!de#novo! assembly!of!an!
Entamoeba!genome!extracted!from!a!xenic!culture.!Furthermore,!as!a!major!aspect!of!much! genome! annotation! is! gene! discovery,! the! outputs! of! these! assemblers! were!compared!with! the! results! of! an! approach! that! involved! assembling! individual! CDSs!from!the!E.#bangladeshi!genome!to!identify!the!most!effective!method!of!gene!discovery!for!the!species.!The!outputs!of!these!various!methods!have!been!combined!to!produce!a!collaborative!summary!of!the!core!Entamoeba!gene!sequences!known!to!be!present!in! the!E.# bangladeshi! genome.! The!work! described! here! offers! a! first! glimpse! of! the!genome!of!a!human!parasite,!and!potential!pathogen,!the!discovery!of!which!may!have!important!consequences!for!our!understanding!of!the!epidemiology!of!amoebiasis.!!
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4.2&Materials&and&Methods&!
4.2.1&Acquisition&and&sequencing&of&DNA&! Lyophilised!DNA!extracted! from!a!xenic! culture!of!E.#bangladeshi#strain!8237!was!kindly!provided!by!Dr!Rashidul!Haque!(ICDDR).!The!protozoon!had!been!cultured!with!an!undefined!mixture!of!bacterial!species.!The!DNA!was!rehydrated!in!ultraNpure!water!and!a!150!bp!PE! library!was!prepared!for!the!solution,!as!described! in!Section!3.2.3.!In!total,!8,689,302!pairs!of!reads!were!generated.!!
4.2.2&Entamoeba)bangladeshi&read&identification&and&isolation&
&! To!distinguish!E.#bangladeshi!reads!in!the!libraries!from!the!bacterial!reads,!an!adapted! version! of! the! publicly! available! ‘Blobology’! (aka.! TaxonNAnnotatedNGCNCoverage!(TAGC)!plot)!protocol!was!utilised![325].!A!kNmer!size!of!91!was!used.!This!was!proportionately! identical! to! the!kNmer!size!of!61!used! in! the!Blobology!paper,! in!which!PE!reads!of!101!bp!were!used.!A!kNmer!size!of!91!permitted! the!sensitivity! to!distinguish! between! reads! from! different! species!without! being! restrictively! specific!regarding!the!positioning!and!assembly!of!those!reads.!! Briefly,! the! Blobology! script! (https://github.com/blaxterlab/blobology)! used!the!abyssNpe!program!of!ABySS!v1.3.4! [144]! to! assemble! submitted!PE! reads,! before!entering!all!resulting!scaffolds!>=200!bp!into!a!BLASTN!search!(BLAST!v2.2.29)!against!the!NCBI!nt!database!(May!2013!update).!The!output!was!limited!to!one!hit!per!query!sequence! with! an! ENvalue! threshold! of! 1eN5.! Taxonomic! annotations! of! hits! were!attributed!to!their!respective!scaffolds.!The!script! then!used!Bowtie!2!v2.1.0![326]!to!map! the! initial! reads! to! the!generated!scaffolds! to!calculate!coverage!values! for!each!scaffold,!before!combining!the!generated!data!with!calculations!of!GC!content!(%)!for!each! scaffold.! This! penultimate! step! was! edited! so! that! the! output! included! the!taxonomic! Order! of! each! scaffold,! if! known.! Prior! to! the! final! step! being! run,!where!species! or! genera! were! known! but! the! Order! of! a! scaffold! was! not! annotated,! the!output! file!was!manually!edited! to! include!the!respective!Order.!The! final!step!of! the!script!was!then!run!to!generate!the!TAGC!plot.!The!script!was!run!iteratively,!with!the!number!of!reads!entered!into!the!script!being!further!reduced!each!time!using!various!criteria,!discussed!in!full!in!Section!4.3.!Within!each!reduced!read!set,!only!those!reads!
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whose!paired! read!also!mapped! to!a! scaffold!were! included! in! the!next! round!of! the!assembly.!!
4.2.3&Assembler&comparisons&!! Multiple!assembly!approaches!were!compared!to! identify!the!optimal!method!when! performing! a! de# novo! assembly! for! members! of! the! Entamoeba! genus! with!limited! genomic! data.! Firstly,! four! PE! de# novo! assemblies,! each! run! by! a! different!program,! were! performed! for! the! 1,950,947! pairs! of! reads! found! to! be! either!unannotated!at!the!taxonomic!Order!level,!or!to!be!annotated!as!Amoebida.!In!all!cases,!a! kNmer! size! of! 91! was! used.! The! four! programs! used! were! ABySS! v1.3.4! [144],!SOAPdenovo! (SOAP)!v2.04! [143],!Velvet!v1.2.02! [141]!and!Ray!v2.3.1! [142].!ABySS’s!‘abyssNpe’!and!Ray!were!run!using!default!parameters.!When!running!Velvet,! ‘velveth’!was!run!using!default!settings.!At!the!‘velvetg’!stage,!an!insert!length!(average!length!of!paired! reads!plus! intervening!distance)!of! 325,!with! a! standard!deviation!of! 66,!was!specified.! This! was! calculated! using! a! Python! script! created,! and!made! available! on!GitHub’s!Gist!site,!by!Mr!Wei!Li! (https://gist.github.com/davidliwei/2323462).!When!running! SOAP,! a! maximal! read! length! of! 151! bp! was! specified! with! no! 3’! trimming!requested.!An!average!insert!size!of!325!bp!was!used.!The!minimal!values!for!the!map!length!and!pair!number!cutoff!parameters!were!applied.!!! An!alternative!approach!was!tested!whereby!the!E.#histolytica!HMN1:IMSS!gene!set,! acquired! from! AmoebaDB! v2.0! [169,! 170],! was! entered! into! TBLASTN! searches!against!the!unfiltered!set!of!forward!reads,!as!well!as!the!unfiltered!reverse!reads!(i.e.!including! both! Entamoeba! and! bacterial! reads).! TBLASTN! was! run! using! default!settings,!save!for!limiting!the!ENvalue!to!1eN5.!Every!read!hit!by!a!gene!was!entered!into!a!de#novo!assembly!run!for!that!gene.!The!individual!gene!assemblies!were!performed!using!Velvet!v1.2.02![141],!using!default!settings!and!a!kNmer!value!of!51!(oneNthird!of!the!common!read!length).!Reads!were!assembled!as!singlets.!!
4.2.4&Comparisons&of&assemblies&!! To!determine!the!quality!of!the!assemblies!produced,!three!methods!were!used.!Firstly,!statistics! for! the!assemblies!were!generated!using!a!Perl!script!made!publicly!available! by! Ian! Korf’s! group! at! the! Genome! Centre,! UC! Davis!(http://korflab.ucdavis.edu/datasets/Assemblathon/Assemblathon2/Basic_metrics/!
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assemblathon_stats.pl).! Secondly,! scaffolds! were! searched! using! Ian! Korf’s! group’s!CEGMA!v2.4!program![114,!167]!to!identify!complete!and!partial!CEG!models.!Finally,!core!EntamoebaNexclusive!protein!sequences!described!in!Chapter!Two,!and!all!protein!sequences!for!E.#histolytica!strain!HMN1:IMSS!downloaded!from!AmoebaDB!v2.0!were!entered!as!query!terms!in!a!TBLASTN!search!against!each!assembly’s!scaffolds,!using!default! terms! except! for! defining! the! ENvalue! threshold! as! 1eN5.! CEG! IDs,! core!
Entamoeba! cluster! IDs! and! E.# histolytica! genes! present! in! assemblies! are! listed! in!Appendix!E,!File!E.1.!!
4.2.5&Phylogenetic&analyses&!To!identify!the!phylogenetic!relationship!of!E.#bangladeshi!with!other!members!of! the! Entamoeba! genus,! a! conserved! group! of! orthologous! genes! encoding! the! 60S!acidic!ribosomal!protein!P2!were!studied.!The!gene!IDs!of!the!E.#histolytica,!E.#dispar,!E.#
invadens!and!E.#moshkovskii!sequences!are!EHI_186830,!EDI_310180,!EIN_035540!and!EMO_087250,!respectively.!MUSCLE!v3.8.31![179]!was!used,!with!default!parameters,!to!align!the!sequences.!A!bootstrapped!phylogram,!built!using!the!additive!tree!model,!was! generated! using! PHYLIP! v3.69! [180].! Default! parameters! were! used! unless!otherwise!stated.!Seqboot!was!run!with!1,000!bootstrap!replicates.!DNAdist!was!then!run! using! the! F84! distance! matrix,! set! to! receive! 1,000! datasets.! The! coefficient! of!variation! (1.3608)! was! calculated! using! the! shape! parameter! generated! by! MEGA!v5.2.1,! using! default! parameters! [181,! 182].! Fitch! estimated! phylogenies! with! the!FitchNMargoliash!criterion!for!the!1,000!randomised!data!sets!before!Consense!output!bootstrapped!trees.!To!apply!branch! lengths! that!represent!evolutionary!distances! to!the! trees,! the! first! two!PHYLIP!programs!described! above!were! run! again,! using! the!same!parameters,!but!for!1!dataset!rather!than!1,000.!Bootstrapped!trees!were!input!to!Fitch! with! their! respective! single! data! set! trees,! applying! branch! lengths! to! the!relationships.!!!!!!!!!!
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4.3&Results&and&Discussion&!
4.3.1&Identification&and&isolation&of&Entamoeba)bangladeshi)reads&!! In!this!chapter,!I!aimed!to!compare!different!methods!of!gene!detection!in!the!novel! species!E.# bangladeshi,! strain! 8237.! The! goal! of! this!was! to! provide! advice! for!future!studies! involving!newly!discovered!members!of! the!genus.!E.#bangladeshi!DNA!was!extracted!from!a!xenic!culture!and!so!the!extract!contained!a!mixture!of!amoebic!and!bacterial!DNA.!As!there!exists!no!reference!genome!for!E.#bangladeshi,!mapping!of!the! reads! to!an!existing! sequence!was!not!possible.! Instead,! a!de#novo! approach!was!required.! Most! assemblers! are! not! well! suited! to! metagenomic! samples! generated!using! next! generation! sequencers,! as! the! short! reads! do! not! allow! great! enough!distinction!between!the!various!species!within!such!populations![327,!328].!As!such,!an!alternative!method!was!tested!whereby!I!attempted!to!distinguish!between!Entamoeba!reads!and!nonNEntamoeba!reads!prior!to!a!final!assembly!of!the!former.!!!Multiple!groups!have!used!such!in#silico!methods!to!distinguish!between!reads!from! different! species! within! a! sample! and! to! improve! assembly! of! contigs! from!individual! species.! To! date,! sources! of! such! samples! have! varied! from! contaminants!within! a! DNA! sample! [329]! to! symbionts! or! parasites! within! a! host! [330,! 331]! to!bacteria! associated!with!plants! [332].!Parameters!used! to!determine!how!sequenced!contigs!should!be!clustered!vary!between!methodologies,!though,!generally,!contigs!are!entered! into! BLAST! searches! against! a! nonNredundant! protein! database! of! existing!genomes.!Contigs!may!also!be!separated!based!upon!their!GC!content!and!read!depth![329,!331].!Such!an!approach!was!utilised!in!this!chapter.!!To! achieve! this,! the! publicly! available! Blobplot! protocol! was! used,! which!assembles! reads! and! allows! the! user! to! distinguish! between! scaffolds! by! taxonomic!annotations,!GC!content!and!coverage!depth![325].!Here,!annotations!at!the!taxonomic!Order! level! were! applied.! Initially,! all! reads! were! entered! into! the! protocol.! The!relationship!between!coverage!and!GC!content!of!each!resulting!scaffold!at!least!200!bp!in!length!is!shown!in!Figure!4.3.1.!As!can!be!seen,!there!were!a!relatively!large!number!of! scaffolds! (4,852! scaffolds;! 3,497,519! bp! total)! belonging! to! the! E.# bangladeshi!genome,! annotated! using! the! Order! Amoebida.! Coverage! depths! in! these! scaffolds!ranged! from!2! N! 2,054x,!whilst! GC! contents! existed! between! 13.94! and! 56.25%.! The!majority! of! these! scaffolds,! however,! existed!within! a! smaller! range!of! each! statistic,!
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forming!the!large!collection!of!dark!blue!points!in!the!TAGC!plot.!Coverage!was,!in!the!majority! of! cases,! similar! between! scaffolds! from! all! genomes,! suggesting! largely!uniform! sequencing.! It! is! likely! that! those! with! exceptionally! high! coverage! depths!contained! repeat! regions! or! very! common! motifs,! causing! mapping! of! reads! that!belonged!in!different!regions!of!a!genome!to!be!collapsed!and!assembled!together![60].!Whilst! there!are!some!scaffolds!annotated!as!belonging! to!bacterial!Orders! that!have!similar! GC! contents! to! the! Amoebida! scaffolds,! many! of! the! bacterial! scaffolds! have!higher!GC!contents!than!the!majority!of!those!from!the!E.#bangladeshi!genome.!This!is!to! be! expected! given! that!Entamoeba! species! typically! have! low! GC! contents! (Table!2.3.1),! whilst! the! GC! contents! of! bacterial! genera! tend! to! be! higher,! yet! can! vary!drastically,!with!extreme!known!values!at!16.5!and!75.0%![333,!334].!! !!!!
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Figure&4.3.1.&Scaffolds&assembled&by&ABySS,&using&all&reads&generated&for&a&xenic&
Entamoeba) bangladeshi& culture,& plotted& as& a& function& of& their& GC& contents& and&
average& coverage& depths.! Taxonomic! Orders! are! listed! in! order! of! decreasing!prevalence! from! top! to! bottom,! then! left! to! right,! across! the! key.! If! >1%!of! scaffolds!shared! the! same! Order! annotation,! all! those! scaffolds! with! that! annotation! were!labelled!as!‘Other’.!!!!!!
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GC! content! was! used! to! distinguish! between! Entamoeba! reads! and! those! of!bacterial!species!so!as!to!reduce!the!number!of!reads!entered!into!the!second!round!of!this! iterative!process.!There!was!a!clear!difference!between!the!range!of!GC!contents!seen! in! Amoebida! scaffolds! and! the! range! in! nonNAmoebida! scaffolds.! Note! that! the!latter!included!those!scaffolds!lacking!annotation!so!it!may!have!included!unconfirmed!
E.#bangladeshi!sequences!(Figure!4.3.2).!There!was!one!roughly!Gaussian!curve!of!GC!values! seen! in! annotated! E.# bangladeshi! scaffolds,! peaking! at! 25%.! However,! there!were! two! distinct! normally! distributed! curves! in! the! frequency! of! GC! contents!occurring!amongst! the!nonNAmoebida!scaffolds,!one!peaking!at!24%!and!the!other!at!46%.! Aside! from! a! small! number! of! exceptions,! no! Amoebida! scaffolds! have! GC!contents! as! great! as! the! scaffolds! in! the! higher! curve.! It!was! likely! that! those! in! the!higher! peak! in! Figure! 4.3.2,! unless! explicitly! annotated! as! Amoebida,!were! bacterial!sequences.!The!much!greater!peak!frequency!seen!at!24%!GC!content!was!suspected!of!being! due! to! a! large! number! of! unannotated! E.# bangladeshi! sequences,! as! well! as! a!number!of!bacterial!sequences.!As!no!distinctions!could!be!made!between!them!at!this!stage,!all!scaffolds!with!GC!contents!lower!than!37%!were!included!in!the!next!round!of!assembly.! All! reads! that!were! assembled! into! scaffolds!with! GC! contents! above! this,!except!those!annotated!as!Amoebida,!were!removed!from!the!data!set.!After!this!first!step,!the!number!of!reads!had!been!reduced!from!8,689,302!pairs!to!2,294,270!pairs.!!!
!
Figure& 4.3.2.& GC& content& of& scaffolds& assembled& by& ABySS& using& all& generated&
reads.! ‘NonNAmoebida’! includes! unannotated! scaffolds! that! may! be! unconfirmed!Amoebida!scaffolds.!
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! The!Blobplot!protocol!was!run!for!a!second!time,!using!the!reduced!set!of!reads!(Figure! 4.3.3).! The! total! number! of! resultant! scaffolds! annotated! as! Amoebida! was!5,087,!with! a! total! combined! length! of! 4,387,155!bp.! This!was! a! slight! improvement!over!the!assembly!of!Amoebida!reads!seen!in!the!previous!Blobology!round!(235!more!scaffolds,! 889,636! bp! longer).! Whilst! only! a! modest! improvement,! this! does!demonstrate! the! benefit! of! reducing! the! sequencing! data,! rather! than! attempting! to!assemble! ‘through’! the! contaminants.! ABySS! will! have! been! less! likely! to! assemble!chimaeric! sequences,! thus! reducing! the! interference! nonNAmoebida! scaffolds! could!introduce!when!ABySS!attempted!to!assemble!regions!from!E.#bangladeshi.!To!further!reduce! the! number! of! bacterial! contaminants! in! the! sequencing! data,! all! scaffolds!annotated!as!anything!other!than!Amoebida!were!analysed.!Annotations!were!derived!from!BLAST!hits!against!the!NCBI!nucleotide!database.! It!was!deemed!that!one!could!be!confident!that!all!BLAST!hits!with!ENvalues!of!1eN50!or!less!were!of!a!high!quality.!As!such,! all! annotated! nonNAmoebida! scaffolds! with! such! low! ENvalues! were! removed!from!the!read!set.!This!second!round!reduced!the!number!of!reads!to!2,088,206!pairs.!!!! When!the!Blobplot!script!was!run!a!third!and!final!time!(Figure!4.3.4),!for!the!reduced! read! set! output! by! the! previous! step,! more! scaffolds! consisted! of! E.#
bangladeshi! sequences! than! before,! however! they! comprised! a! slightly! smaller! total!length! (5,092! scaffolds,!with! a! combined! length!of!4,383,265!bp).!There!was! a! slight!increase! in! average! coverage! across! the! Amoebida! scaffolds! compared! with! those!generated!in!the!previous!round!(16.82!compared!with!15.51,!respectively).!It!is!likely!that! the! small! decrease! in! total! length! was! a! direct! result! of! the! slight! increase! in!coverage,!with!more!reads!being!correctly!mapped!to!the!same!genomic!regions,!so!the!assembly!was!not!adversely!affected!by! the!previous! filtering!step.! !At! this!stage,! the!only! nonNAmoebida! taxonomic! Order!making! up! at! least! 1%! of! the! total! number! of!scaffolds!was!the!Clostridiales.!It!was!deemed!that!these!scaffolds,!plus!those!grouped!together! in! the! ‘Other’! category,!were! few!enough!(341! in! total)! that! the!omission!of!their! component! reads! from! the! final! read! set! purely! on! the! grounds! of! their!annotation! would! have! little! impact! upon! the! quality! of! the! final! E.# bangladeshi!assembly,! even! if! any! had! been! incorrectly! annotated! as! nonNAmoebida! sequences.!Given! the! improvement! seen! in! the!previous! rounds’! assemblies!when! contaminants!were! removed,! it! was! likely! that! such! a! strategy! would! slightly! improve! the! final!assembly.!As!such,!only!reads!that!belonged!to!scaffolds!that!were!either!unannotated,!or!annotated!as!Amoebida,!were!included!in!the!final!set!to!be!used!in!the!assembler!comparison!study!in!Section!4.3.2.!This!final!set!consisted!of!1,950,947!pairs!of!reads.!
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Figure&4.3.3.&Scaffolds&assembled&by&ABySS&using&reads&annotated&as&Amoebida,&
or& seen& to& have& GC& contents& below& 37%,& in& Blobology& Round& 1.& Scaffolds& are&
plotted& as& a& function& of& their& GC& contents& and& average& coverage& depths.!Taxonomic! Orders! are! listed! in! order! of! decreasing! prevalence! from! top! to! bottom,!then!left!to!right,!across!the!key.!If!>1%!of!scaffolds!shared!the!same!Order!annotation,!all!those!with!that!annotation!were!labelled!as!‘Other’.!!!
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!
Figure& 4.3.4.& Scaffolds& assembled& by& ABySS& using& reads& output& by& Blobology&
Round& 2.& Scaffolds& are& plotted& as& a& function& of& their& GC& contents& and& average&
coverage&depths.!Taxonomic!Orders!are!listed!in!order!of!decreasing!prevalence!from!top! to!bottom,! then! left! to! right,! across! the!key.! If! >1%!of! scaffolds! shared! the! same!Order!annotation,!all!those!with!that!annotation!were!labelled!as!‘Other’.!!!!
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4.3.2&Comparison&of&assemblers!!! Having! identified! the! reads!most! likely! to!be!derived! from! the!E.#bangladeshi!genome,!I!wished!to!identify!the!genome!assembler!that!generated!the!‘best’!assembly!from!uncontaminated! read! libraries.! Dozens! of! genomic!de# novo! assembly! programs!exist,! the! majority! of! which! accept! Illumina! reads! as! input.! Practically,! it! was! not!possible! to!compare!all!of! these!programs! in! this!chapter.! Instead,!a!selection!of! four!maintained,! oftNcited! assemblers! were! chosen:! ABySS! v1.3.4! [144],! Velvet! v1.2.02![141],!SOAPdenovo!v2.04![143]!and!Ray!v2.3.1![142].!All!four!are!de!Bruijn!assemblers.!They!were!run!using!the!same!set!of!reads!and!a!kNmer!size!of! ‘91’.! It! is!not!a!simple!matter! to! characterise! a! ‘best’! assembly,! however.! A! number! of! publications! have!considered! the! difficulties! associated!with! determining! the! best! parameters! for! a!de#
novo! assembly! [61,! 112,! 323].! As! of! yet,! no! single! parameter! has! been! agreed! upon!universally! as! an! accurate!measure.! Complicating!matters! is! that! assembly!quality! is!dependent! upon! the! genome! in! question,! as! some! are! inherently! more! difficult! to!assemble! due! to! their! highly! repetitive! nature! [323].! As! such,! the! first! step! in!determining! the! best! assembly! was! to! choose! appropriate! parameters! for! the! E.#
bangladeshi!genome.!!
i.&N50,&NG50&and&scaffold&length&!! Of!the!parameters!mooted!as!potential!measures!of!a!good!assembly,!the!N50!statistic! is! one! of! the!most! commonly! used.! The! suitability! of! the! N50! statistic! has,!however,!come!into!question!in!recent!years.!Firstly,! it!does!not!offer!any!measure!of!accuracy!or!coverage!depth!within!an!assembly![111]!and,!secondly,!it!is!possible!for!a!small! number! of! large! scaffolds! to! result! in! a! large! N50,! indicating! a! good! quality!assembly,!masking!a!poorly!assembled!and!fragmented!remainder![61,!112,!323,!335].!An!alternative!to!the!N50!–!the!NG50!N!was!introduced!in!the!first!Assemblathon!paper![111].!The!NG50!statistic!is!a!variation!on!N50!whereby!the!median!scaffold!length!is!determined! using! the! expected! genome! size,! rather! than! the! assembly! size.! This!effectively!normalises!comparisons!of!assemblies,!although!the!genome!size!is,!as!it!is!here,! usually! an! estimate,! rather! than! a! definite! value.! The! NG50! statistic! does! not!eliminate! the! issue! that! coverage!depth! and! accuracy! are! not! considered.!As! such,! it!was! decided! that! either! the! N50! or! the! NG50!would! be! used,! in! conjunction!with! a!number!of!other!statistics,!as!suggested!by!the!Assemblathon!2!team![112].!!
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The!first!of!these!additional!statistics!directly!reflects!the!primary!goal!of!this!genome!assembly!and!many!others!besides!–!to!detect!CDSs.!Theoretically,!in!multiple!assemblies! of! similar! lengths,! the! assembly! consisting! of! a! greater! proportion! of!scaffolds! at! least! as! large! as! the! average! predicted! gene! sequence! will! contain! the!greatest!number!of!complete!CDS.!The!average!gene!size!used!in!this!chapter!was!1,280!bp.!This! is! the!average!gene!size! in!E.#histolytica!HMN1:IMSS.!The!proportions!of!each!assembly!made!up!of!geneNsized!scaffolds!were!compared,!along!with!each!assembly’s!N50!and!NG50!values,!to!demonstrate!how!these!statistics!compared!with!one!another!(Figure!4.3.5).!!!
!
Figure&4.3.5.&Comparison&of&assemblies’&NG50&and&N50&statistics,&plotted&with&the&
proportions& of& the& assembled& genomes& represented& by& gene& sized& scaffolds.! A!geneNsized! scaffold! is! defined! as! one! at! least! 1,280! bp! in! length.! N50! and!NG50! are!plotted!against!the!right!axis;!genome!proportion!is!plotted!against!the!left!axis.!
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Figure&4.3.6.&Comparison&of&the&scaffold&lengths&at&NG&values&of&1:100&in&the&four&
assemblies&generated&by&ABySS,&Ray,&Velvet&and&SOAP.!The!dotted!line!represents!the!NG50!scaffold!length.&!!From! Figure! 4.3.5,! one! can! see! that! a! considerably! lower! proportion! of! the!assembly! produced! by! Ray!was! comprised! of! geneNsized! scaffolds! than! in! the! other!three!assemblies.!The!proportions!seen!in!the!ABySS,!SOAP!and!Velvet!assemblies,!on!the! other! hand,! were! comparable! (between! 36.5! and! 40.5%).! Initially,! one! might!consider! the! low! value! in! Ray! to! be! indicative! of! a! highly! fragmented! assembly! of! a!similar! length! to! the!other! three!assemblies.!However,! the!NG50!values!give!a!better!indication! of! the! cause.! Whilst! the! NG50! values! in! the! ABySS,! SOAP! and! Velvet!assemblies! varied,! the! Ray! assembly’s! NG50! value! could! not! be! calculated.! This! is!indicative!of!an!assembly!that! is! less! than!50%!of! the! length!of! the!expected!genome!size.!This!is!seen!more!clearly!in!Figure!4.3.6,!above,!which!shows!the!NG!values!for!1N100%!of!the!expected!genome!length.!Were!an!assembly!the!exact!same!length!as!the!genome,!its!scaffold!length!for!values!above!NG100!would!be!0.!As!such,!the!value!of!NG!at!which! each! assembly’s! line! intercepts! the! xNaxis! reveals! how! long! the! assemblies!were! as! proportions! of! the! expected! genome! length.! The! assemblies! of! ABySS! and!SOAP!were!longer!than!the!expected!genome!size!(ABySS’s!was!130.9%!of!the!expected!length,!whilst!SOAP’s!was!102.5%).!As!such,!it!is!likely!that!they!either!included!reads!that!were!not!omitted! from!the!assembly! that!should!have!been!(i.e.! reads! that!were!
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not! actually! from! the!E.# bangladeshi! genome)! or! they! did! not! assemble! overlapping!scaffolds!correctly.!This!could!be!due!to!sequencing!errors!preventing!reads!from!being!assembled!together!where!they!should!be.!A!higher,!more!specific,!kNmer!length!could!potentially! have! reduced! the! assembly! sizes,! though! it! could! not! be! guaranteed! that!this! would! have! produced! a!more! accurate! and! complete! assembly.! Velvet! output! a!considerably!shorter!assembly,!though!it!was,!itself,!a!lot!longer!than!that!of!Ray.!Ray’s!assembly!was!just!15%!of!the!length!of!the!E.#histolytica!genome.!!Whilst!it!appeared!that!Ray!had!produced!a!poor!assembly,!it!was!possible!that!this!was!a!result!of!higher!coverage!depth!across!the!scaffolds!assembled!by!Ray!than!across!the!other!three!assemblies.!As!such,!the!coverage!depths!across!each!assembly’s!individual!scaffolds!were!compared!as!functions!of!their!lengths!(Figure!4.3.7!aNd).!The!average!depths!for!the!assemblies!clearly!suggest!that!the!assembly!achieved!using!Ray!was!covered!to!a!much!greater!depth!than!the!others,!with!ABySS!showing!relatively!poor!coverage.!The!averages,!however,!were!heavily!skewed!by!the!fact!that!the!ABySS,!SOAP!and!Velvet!assemblies!included!scaffolds!with!low!coverage!values!(<1x),!as!well!as! a! large!number!with!very!high! coverage!depths! (>100x),!whilst! the!Ray!assembly!contained! no! coverage! values! below! 4.5x.! If! one! considers! the! numbers! of! scaffolds!with!coverage!depths!above!Ray’s!average!of!22.76x!in!each!assembly,!as!well!as!those!scaffolds!sequenced!at!great!depth!(>=100x),!it!is!clear!that!Ray’s!output!was!no!more!deeply!sequenced!than!the!other!three!assemblies!(Figure!4.3.7.e).!!!! In!light!of!this,!it!was!important!to!return!to!the!comparison!of!the!N50,!NG50!and!geneNsized!scaffolds!statistics!(Figure!4.3.5)!to!choose!which!of!the!N50!and!NG50!statistics!would!be!used! in! comparing! the! assemblies.!There!was! little! to!distinguish!between!the!two!statistics!when!comparing!the!ABySS,!Velvet!and!SOAP!assemblies!–!the! NG50! values! varied! little! whilst! the! N50! values! increased! slightly! as! assembly!lengths!decreased.! If!one!were! to!base! their! judgement!of!assembly!quality!solely!on!the!N50!value,!it!would!appear!that!the!Ray!assembly!was!the!best.!It!is!clear!from!the!NG50!statistic!and!the!above!comparisons!that!this!was!not!the!case!and!that!the!Ray!assembly!was!simply!the!shortest,!meaning!any!large!scaffolds!would!have!comprised!a!considerably! greater! proportion! of! the! assembly! than! in! the! other! three! assemblies.!Whilst! the! NG50! statistic! is! an! imperfect! measure! of! assembly! completeness,! it! is!clearly! superior! to! the!N50.!As! such,! the! assemblies!were! compared!using! the!NG50!statistic!and!the!proportion!of!each!assembly!that!consisted!of!geneNsized!scaffolds,!as!well!as!two!other!statistics!discussed!below.!
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&
Figure&4.3.7.&Comparison&of&scaffold&coverage&depths&in&the&four&assemblies.&
a:d)!Coverage!depths!across!scaffolds! in! the!assemblies!as!a! function!of! their! length.!Values! in! red!boxes!are!average!coverage!depths;!e)! Frequencies!of! coverage!depths!greater!than!the!Ray!assembly!average!and!greater!than!100x.!
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ii.&Identifying&presence&of&CEGs&! Another! method! for! measuring! assembly! completeness,! as! suggested! by! the!Assemblathon!2!team![112],!was!to!search!the!assemblies!for!the!presence!of!the!CEG!set![114].!As!described!in!Chapter!Two,!the!CEGs!are!a!set!of!458!orthologous!groups,!consisting! of! six! aligned! proteins! each! (one! from! each! of!Homo# sapiens,! Drosophila#
melanogaster,! Arabidopsis# thaliana,! Saccharomyces# cerevisiae,! Schizosaccharomyces#
pombe!and!Caenorhabditis#elegans).!Whilst!it!cannot!be!guaranteed,!at!this!stage,!that!E.#
bangladeshi!possesses!orthologues!of!all!458!CEGs,!it!was!reasonable!to!argue!that!the!assembler!whose! output! contained! the!most! CEGs! had! produced! the!most! complete!assembly.!Using!the!CEGMA!program,!sequences!in!the!four!assemblies!orthologous!to!the!CEGS!were! identified!and!any!matching!70%!or!more!of! the!CEG!alignment!were!accepted!as!being!present!in!the!genome!(Figure!4.3.8;!Table!4.3.1).!Many!of!the!CEGs!have!paralogues,!potentially!making!it!difficult!for!assemblers!to!differentiate!between!them,! however.! As! such,! a! subset! of! highly! conserved,! minimally! paralogous! CEGs,!totalling! 248! orthologue! groups,! was! also! searched! for.! Owing! to! the! nature! of! the!CEGMA!output,!in!which!the!IDs!of!the!248!core!CEGs!found!in!each!assembly!are!not!given,!it!was!not!possible!to!see!if!any!relationships!seen!between!the!assemblers!in!the!458! CEG! set! also! applied! for! the! subset.! It! was,! however,! possible! to! see! how! the!numbers!of!core!CEGs!present!in!each!assembly!compared!overall!(Table!4.3.1).!When!detecting! core! CEGs,! CEGMA! reports! both! matches! of! 70%! or! greater! and! matches!covering!20N70%!of!CEGs.!The!latter!are!reported!as! ‘partial’!matches!and!allow!for!a!more!inclusive!analysis!of!the!gene!content!of!each!assembly.!!!!!Of! the!458!CEGs!one!might!expect! to!exist! in! the!E.#bangladeshi!genome,! the!assembly!produced!using!ABySS!contained! the! largest!number.!The!SOAP!and!Velvet!assemblies! possessed! slightly! lower,! but! still! comparable,! numbers.! The! assembly!generated! using! Ray,! on! the! other! hand,! contained! very! few! CEG! orthologues,! most!likely!as!a!result!of!its!short!length.!For!all!four!assemblers,!fewer!complete!CEGs!were!identified! from! the! core! CEG! set! than! in! the! full! 458Nsequence! set.! It! is,! therefore,!possible!that!some!of!the!matches!in!the!larger!set!were!caused!by!erroneous!mapping!to! paralogous! sequences.! However,! this! could! not! be! confirmed! without! a! timeNconsuming!study!of!the!individual!CEGs!and,!given!that!comparisons!of!both!CEG!sets!ranked! the! assemblers! in! the! same! order,! it! seemed! unnecessary! to! do! this.! It! is!interesting!to!note!that,!despite!the!poor!number!of!CEG!orthologues!identified!in!the!Ray!assembly,!all!but!two!of!them!were!only!found!in!the!Ray!assembly!(Figure!4.3.8).!
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Indeed,! the! majority! of! sequences! identified! in! each! assembly! were! unique! to! that!assembly.!This!suggests! that!either!each!program!was!more!successful!at!assembling!particular! regions! of! the! genome! than! the! others! or,! more! likely,! each! assembled!similar!regions!but!with!scaffolds!that!ended!at!different!genomic!positions.!This!would!have!resulted!in!different!numbers!of!partial!hits,!which!were!not!included!in!the!initial!comparison!of!458!CEGs.!!! !
!
Figure&4.3.8.&The&number&of&the&458&CEGS&to&which&orthologues&were&found&in&the&
assemblies&output&by&ABySS,&Ray,&Velvet&and&SOAP.! In! total,!324!CEG!orthologues!were!identified!across!the!assemblies.!!
&
Table& 4.3.1.& Numbers& of& orthologues& of& CEGs& and& core& CEGs& identified& in& the&
ABySS,&Ray,& SOAP&and&Velvet&Entamoeba)bangladeshi)assemblies.&The! full! list! of!CEGs!contains!458!alignments!and!the!core!list!contains!the!248!least!paralogous!CEGs.!!
Assembler&
No.&of&
total&
CEGs&
%age&of&
total&CEGs&
No.&of&
complete&
core&CEGs&
No.&of&
partial&core&
CEGs&
%age&of&core&
CEGs&
inc&partials&ABySS! 123! 26.86! 73! 33! 42.74!Ray! 22! 4.80! 20! 6! 10.48!SOAPdenovo! 111! 24.24! 67! 30! 39.11!Velvet! 105! 22.93! 63! 30! 37.50!
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iii.&Identifying&presence&of&core&Entamoeba&gene&clusters&
&! As! an! additional!measure! of! completeness,! each! assembly!was! tested! for! the!presence!of!genes! from! the!core!Entamoeba! gene!set!generated! in!Chapter!Two.!The!gene! set! consisted! of! 4,704! clusters,! containing! at! least! one! gene! from! each! of! E.#
histolytica,!E.#dispar,!E.#invadens!and!E.#moshkovskii.!The!set!contained!21,741!genes!in!total.!The!same!principle!regarding!their!usage!applied!as!for!the!CEGs.!These!searches!were!performed!using!TBLASTN.!The!presence! of! an! orthologue! of! a!member! of! the!core!gene!set! in!an!assembly!was!accepted! if! the!BLAST!search!results! indicated!that!70%!or!more!of! the!core!gene!was!present!on!one!scaffold.!Results!were!reported! in!terms!of! the!number!of! clusters! to!which!E.#bangladeshi! sequences!belonged! (Figure!4.3.9).! Just! one! gene! from! a! cluster! needed! to! be! matched! in! an! assembly! for! that!cluster! to! be! considered! present.! The! relative! numbers! of! cluster! orthologues!identified! in! each! assembly! bore! similarities! to! those! seen! in! the! CEG! searches.! The!ABySS! assembly! contained! the!most! orthologues,! followed! by! SOAP’s,! then! Velvet’s,!with!the!Ray!assembly!containing!far! fewer!than!the!others.!Once!again,! the!different!assemblies! contained! different! gene! sequences,! for! the! same! probable! reason! as!outlined!earlier.!The!consequences!of!this!are!explained!in!the!next!section.!!!
!!
Figure& 4.3.9.& The& number& of& the& 4,704& core&Entamoeba& gene& clusters& to&which&
orthologues& were& found& in& the& assemblies& output& by& ABySS,& Ray,& Velvet& and&
SOAP.!In!total,!1,545!were!identified!across!the!assemblies.!
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iv.&Identification&of&‘best’&assembly&!! Four!parameters!have!thus!far!been!presented!to!define!the!‘best’!assembly!of!the!E.#bangladeshi!genome.!The!four!used!are!not,!of!course,!an!exhaustive!set.!Indeed,!arguably!the!most!comprehensive!assembler!comparison!study!to!date!–!Assemblathon!2!–! identified! ten!key!parameters! that! could!be!combined! to! rank!assembly!qualities![112].! In! addition! to! the!metrics! compared! in! this! study,! the! competition! organisers!compared!statistics!regarding!fosmids!and!restriction!fragmentNbased!maps,!as!well!as!the!results!of!REAPR!analyses,!which!identify!SNPs,!indels!and!larger!structural!errors!in!assemblies![336].!!! Whilst! it!would!have!been! ideal! to!perform!a!similarly! inclusive!and! inNdepth!comparative! study,! time! and! resource! limitations! restricted! the! extent! to! which! the!assemblies!could!be!analysed!in!this!project.!To!combine!the!generated!test!results!in!order! to! more! robustly! identify! the! most! effective! assembler,! the! assemblers! were!ranked!by!their!performance!in!each!test,!as!in!the!Assemblathon!2!competition![112].!The! best! performing! program! for! each! parameter! was! given! a! rank! of! ‘1’,! with! the!poorest!performer!receiving!a!rank!of!‘4’.!The!sum!of!each!assembly’s!ranks!across!the!four! tests! was! then! calculated,! with! the! assembly! with! the! lowest! total! rank! being!regarded!as!the!best!assembly!(Table!4.3.2).!!!
Table& 4.3.2.& The& ranked& performances& of& assemblers& ABySS,& Ray,& SOAP& and&
Velvet,& according& to& multiple& tests& of& assembly& quality.! ‘1’! represents! the! best!performance! in! a! category,!whilst! ‘4’! represents! the!worst.! Final! ranks! calculated!by!summing!each!assembler’s!4!ranks!and!ordering!from!lowest!total!‘1’!to!highest!‘4’.!!
Assembler&
%age&of&genome&size&
made&up&by&gene:
sized&scaffolds&
NG50& CEGMA&
Core&
Entamoeba&
genes&
Final&
rank&
ABySS! 2! 2! 1! 1! 1!Ray! 4! 4! 4! 4! 4!SOAP! 3! 1! 2! 2! 2!Velvet! 1! 3! 3! 3! 3!!!
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! The!ABySS!assembly!was! found! to!be! the!best,! overall,! followed!by! the!SOAP!and!Velvet!assemblies.!Ray!was!found!to!be!the!least!effective!assembler!in!all!tests.!As!such,!one!can!conclude!that,!if!an!Entamoeba!species!is!to!be!assembled!de#novo!using!a!single!assembler,!ABySS! is! likely! to!be!highly!effective!at! constructing!a!genome! that!can!be!used!in!gene!prediction.!However,!it!is!unlikely!that!any!research!group!should!be!limited!to!using!just!one!assembler.!The!previous!two!sections!revealed!that!each!of!the!four!assemblies!compared!here!possessed!gene!sequences!that!the!others!did!not.!In!light!of!this,!it!is!more!reasonable!to!conclude!that!read!libraries!passed!through!the!Blobology!protocol!should!be!assembled!using!multiple!programs!in!order!to!detect!a!greater!number!of!gene!models.!As!such,!all!core!Entamoeba!genes!identified!in!Section!4.3.2! were! entered! into! Section! 4.3.3’s! comparison,! not! just! those! detected! in! the!ABySS!assembly.!!!! It!is!important!to!reiterate!that!no!set!of!parameters!for!measuring!the!quality!and! completeness! of! a! genome! assembly! has! been! agreed! upon.! Indeed,! multiple!competitions!to! identify!the!best!assembler!have!been!held,!with! inconclusive!results!highlighting! the! difficult! nature! of! this! task! [111,! 112,! 323].! In! light! of! the! different!strengths! and! weaknesses! of! the! myriad! available! assemblers,! the! practice! of!combining!assemblies!to!produce!one!final!superior!genome!has!been!introduced!by!a!number!of!programs,!employing!a!variety!of!approaches![337N340].!!! One! such! program! is! the! Genome! Assembler,! Reconciliation! and! Merging!(GARM)! pipeline! [337].! GARM! makes! use! of! Perl! scripts! and! modules,! as! well! as!existing! thirdNparty! software,! to! merge! scaffolds! and! contigs! produced! by! different!assemblers! or! sequencing! technologies! [337].! It! has! been! used! to! combine! de# novo!assemblies! of! 454! reads! and! Illumina! reads! in! the! assembly! of! the! genome! of!
Hymenolepis# microstoma,! the! mouse! bile! duct! tapeworm! [341],! and! to! combine!assemblies! made! from! 454! reads! and! Ion! Torrent! reads! when! sequencing! an!avipoxvirus!isolated!from!a!Feral!Pigeon!(Columba#livia)![342].!!! Also! available! are! programs! based! upon! performing! local! [338]! and! global![340]! alignments! between! assemblies.! For! example,! GAMNNGS! (Genome! Assemblies!Merger! for! Next! Generation! Sequencing)! [338]! uses! a! weighted! graph! algorithm! to!perform! local! alignments! between! two! or! more! assemblies,! allowing! regions! of! a!genome!that!are!difficult!to!sequence!to!be!resolved.!Another!program,!MAIA!(Multiple!Assembly!IntegrAtor)![339],!employs!its!own!weighted!graph!protocol!to!merge!two!or!
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more!assemblies.!Taking!a!different!approach,!the!GAA!(Graph!Accordance!Assembly)!program!uses!BLAT![343]!to!perform!a!global!alignment!between!two!assemblies!only,!generating!a!weighted!graph!that!is!subsequently!used!to!merge!the!two!sets!of!contigs![340].!! Whilst! these! examples!demonstrate! the!breadth!of! options! available! to! those!hoping! to! combine! multiple! assembies,! another! group! has! shown! it! is! possible! to!perform!a!merger! of! assemblies!without! these!dedicated!programs!or!pipelines.!The!Rhesus! Macaque! genome! was! assembled! through! the! merging! of! three! individual!assemblies,!simply!by!mapping!the!assemblies!consisting!of!shorter!contigs!to!the!most!contiguous!assembly! [344].!Evidently,! there!are!numerous!options!available! to! those!who!might!choose!to!combine!assemblies!of!an!Entamoeba#genome;!however,!one!must!take!care!when!comparing!these!combined!assemblies!as!the!complexities!of!defining!a!superior!assembly,!as!described!above,!remain.!!
4.3.3&Comparison&of&assembly&techniques&!! The!previous!section!considered!one!method!for!assembling!the!genome!of!an!
Entamoeba! species! extracted! from! a! xenic! culture,! whereby! contaminants! were!removed!prior!to!assembly.!That!approach!was!useful!for!constructing!the!genome,!but!its!efficacy!with!regards!to!gene!prediction!was!thought!to!be!improvable.!This!section!will! compare! that! protocol! with! another,! less! timeNintensive,! method! in! order! to!determine!the!most!effective!overall!approach!to!gene!prediction!in!a!de#novo!genome!assembly!in!Entamoeba!species.!For!this!second!method,!all!reads!generated!from!the!sequencing!libraries!–!amoebic!and!bacterial!–!were!used.!Forward!and!reverse!reads!from!each!of! the! three! libraries!were!kept! separate,! treating! them! like! singlet! reads,!and!were!used!as!databases!against!which!all!protein!sequences!from!E.#histolytica,!E.#
dispar,! E.# invadens! and! E.# moshkovskii! were! compared! in! a! TBLASTN! search.! Reads!were!treated!as!singlets!because! it!was!unlikely,!given!the!relatively!small!size!of! the!gene!sequences,! that!the!members!of!many!pairs!of!reads!would!both!align!to!a!gene!sequence.!Reads!that!showed!a!high!quality!hit!to!a!gene!sequence!defined!by!the!hit’s!ENvalue!were!then!entered!into!a!de#novo!assembly!with!only!those!other!reads!that!hit!that!particular!gene,!generating!a!set!of!‘mini!assemblies’.!!! As!comparisons!of!assembly!parameters!with!the!assemblies!from!Section!4.3.2!would!have!been!meaningless!here,! the!most!appropriate!measure!of!effectiveness!of!
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the!two!methods!was!to!compare!the!numbers!of!genes!they!assembled!(Figure!4.3.10).!Each!of!the!four!sets!of!scaffolds!based!upon!a!species’!gene!set!was!used!as!input!for!the!CEGMA!program,!as! in!Section!4.3.2,! to! identify!complete!and!partial!CEGs.!Every!scaffold! constructed! for! the! genes! of! each! of! the! four! species! was! also! used! as! a!database!in!a!TBLASTN!search!featuring!the!core!Entamoeba!protein!set!as!the!query!sequences.!Only!hits!that!matched!at!least!70%!of!the!query!sequence!on!one!scaffold!were! accepted!here.!The! complete!E.# histolytica! protein! set!was! also!queried! against!the! scaffolds! based! upon! its! genes! (as! a! measure! of! completeness! outside! of! core!genes),!using!the!same!completeness!filter.!!! As!was!established!in!Section!4.3.2,!the!ABySS!assembler!alone!was!inferior!to!a!combination! of! all! four! whole! genome! assemblies! when! assembling,! and! allowing!detection! of! the! presence! of,! CDS! sets! (Figure! 4.3.10).! The! single! assembly! did,!however,! possess! a! greater!number!of!E.# histolytica! genes! than!were!detected! in! the!mini! assemblies!approach.! It! included!a!greater!number!of!CEGs! too,! suggesting! that!many! of! the! CEG! sequence! orthologues! in! the! mini! assemblies! were! incomplete! on!single! scaffolds.! Whilst! the! smaller! sequence! fragments! that! result! from! the! mini!assemblies! approach! appeared! to! affect! the! number! of! sequences! that! could! be!detected!in!those!two!categories,!the!same!is!not!true!of!the!core!Entamoeba!clusters.!In! this! case,! the!mini! assemblies!method! outperformed! even! the! combination! of! full!genome!assemblies.!As!such,!it!would!appear!that,!once!again,!neither!of!the!methods!being!compared!can!be!resolutely!recommended!over!the!other.!To!illustrate!the!point!that!both!can!be!considered!effective!approaches,! it!was!useful! to! identify!how!many!genes/clusters!each!method!assembled!that!the!other!could!not!(Figure!4.3.11).!!!!!!!!!!!!!!
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Figure& 4.3.10.& Comparison& of& assembly& methods& based& upon& proportions& of&
several& gene& groups& detected&within& assemblies& of& the&Entamoeba) bangladeshi&
genome.! Genes! detected! by! the! ABySS! de# novo! assembler’s! genomic! assembly! are!presented!alone,!and!with!other!genes!similarly!detected!by!the!Ray,!Velvet!and!SOAP!assemblers.! ‘Mini! assemblies’! refers! to! assemblies! based! upon! individual! gene!sequences! from!E.# histolytica,!E.# dispar,!E.# invadens! and!E.#moshkovskii,! except! in! the!case!of! the!E.#histolytica!gene!set! for!which!only!assemblies!based!upon!E.#histolytica!gene!sequences!were!used.!The!E.#histolytica!gene!set!totals!8,306;!there!are!4,704!core!
Entamoeba!clusters;!and!there!are!458!CEG!orthologues.!!!!!!!
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a)&
!
b)&
!!
c)&
!!
Figure& 4.3.11.& Comparison& of& genes& and& clusters& identified& in& all& full& genome&
assemblies& combined& and& all& ‘mini:assemblies’& combined.&Gene! and! cluster! sets!are!a)!458!CEG!orthologue!groups;!b)!4,704!core!Entamoeba!gene!clusters;!c)!all!8,306!
Entamoeba# histolytica! genes.! Note! that,! for! ‘c’,! only! miniNassemblies! based! upon! E.#
histolytica! coding! sequences! were! compared! with! the! combined! full! genome!assemblies.!
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Table&4.3.3.&Proportions&of& the&20&most&prevalent&gene& functions& from&the&core&
Entamoeba& gene& set& that&were& detected& in&Entamoeba) bangladeshi& using& every&
whole&genome&and&mini&assembly&
&
Function& Count& %age&of&total&Serine/Threonine/Tyrosine!Protein!Kinases! 85! 73.28!Ras!family!GTPases! 83! 96.51!RasGAP!family!proteins! 29! 50.00!Ras!family!GEFs! 18! 40.00!Serine/threonine/tyrosine!protein!phosphatases! 35! 79.55!Zinc!finger!domains! 31! 73.81!FNbox!domainN/WD!domainN/LeucineNrich!repeatN!or!combination!thereof!containing!protein! 23! 56.10!Cell!membrane!transporters!and!pumps! 35! 87.50!CytoskeletonNrelated!proteins! 21! 63.64!Vesicle/vacuole!transportN!and!membraneNrelated!proteins! 25! 80.65!BspA! 27! 100.00!RNANbinding!proteins! 16! 66.67!DNA!repair!proteins! 16! 69.57!Ubiquitination!proteins! 12! 54.55!Heat!Shock!Proteins!and!transcription!factors! 18! 85.71!Nuclear!receptors!and!transporters! 2! 10.53!DNA!packaging,!assembly!and!maintenance! 11! 61.11!Ubiquitin!carboxylNterminal!hydrolase! 5! 33.33!CalciumNbinding!proteins! 13! 100.00!Helicases! 8! 66.67!!! The!numbers!in!Figure!4.3.11!demonstrate!that,!as!was!seen!in!the!various!de#
novo! assemblers,! the! different!methods! effectively! sequenced! some! regions! that! the!other!could!not!or!else!one!could!not!concatenate!scaffolds!where!the!other!could.!The!outcome!of!this!is!that!each!could!assemble!coding!sequences!that!the!other!could!not.!As! such,! the! logical! conclusion! would! be! to! perform! both! assembly! methods! when!detecting! gene! sequences! in! novel! Entamoeba! genomes.! None! of! the! programs! or!methods! described! in! this! chapter! are! particularly! memoryN! or! timeNintensive,!meaning!very! few!research!groups!would!be! limited! in!what! they!could!achieve.!The!
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benefit!of!this!is!the!ability!to!better!identify!gene!sequences!in!incomplete!genomes.!In!the! case! of! E.# bangladeshi,! combining! all! genes! detected! in! the! myriad! assemblies!generated!allows!one!to!begin!to!identify!which!members!of!the!core!Entamoeba!gene!set!can!still!be!regarded!as! ‘core’!genes!when!considering!this!novel!species.! !In!total,!genes!belonging! to!2,146!of! the!4,704!clusters!were! identified.!Within! this! set,!genes!with!the!most!prevalent!functions!from!the!core!gene!set!were!detected!(Table!4.3.3).!With!greater!sequencing!depth!and!a!further!refinement!of!the!assembly!processes,!it!is!likely!that!a!greater!proportion!of!the!genes!in!E.#bangladeshi!could!be!detected!and,!with!that,!a!better!understanding!of!E.#bangladeshi’s!virulence!capabilities.!!
4.3.4&Phylogenetic&relationship&of&Entamoeba)bangladeshi&with&other&Entamoeba&
species&!! To! date,! the! position! of!E.# bangladeshi!within! the!Entamoeba! genus! has! only!been! determined! through! alignment! of! a! small! ribosomal! subunit,! for! which! an!incomplete! sequence! was! known! in! E.# bangladeshi! [26,! 46].! Here,! I! analysed! the!phylogenetic!arrangement!within!the!Entamoeba!genus!using!a!highly!conserved!gene!sequence!completely!sequenced!in!all!five!species!involved!(E.#histolytica,!E.#dispar,!E.#
invadens,!E.#moshkovskii!and!E.#bangladeshi).!This!comparison!is!the!first!to!define!the!relationship!between!E.#invadens!and!E.#bangladeshi.!The!orthologous!gene!sequences!used! to! construct! the! phylogeny! form!a! cluster!within! the! core!Entamoeba! gene! set.!They! encode! the! 60S! acidic! ribosomal! protein! P2.!Within! the! ABySS! assembly! of!E.#
bangladeshi,! the! coding! sequence! existed! on! the! forward! strand! of! scaffold! 1175,!positions! 334! –! 657,! as! indicated! by! the! result! of! the! TBLASTN! search! described! in!Section!4.3.3.!!! The!phylogram!generated!shows!E.#bangladeshi!to!be!most!closely!related!to!E.#
histolytica!and!E.#dispar#(Figure!4.3.12).!It!is!more!distant!from!E.#moshkovskii,!which!is!shown! to! have! diverged! at! an! earlier! date.! Given! that! we! have! accepted! that! E.#
moshkovskii! is! a!humanNinfective! species,! this! suggests! that!E.#bangladeshi! is,! indeed,!humanNinfective! too,! as! opposed! to! a! freeNliving,! transient! species.! The! tree! is!completed!by!the!distantly!related!E.#invadens.!The!tree!previously!generated!using!an!incomplete!E.#bangladeshi!sequence![26]!corroborates!the!phylogeny!presented!here.!!! &!
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Figure& 4.3.12.& Phylogeny& of& orthologous& genes& encoding& 60S& acidic& ribosomal&
protein& P2.! The! midpointNrooted! tree! was! created! using! the! additive! tree! model.!Bootstrapping! was! done! 1,000! times.! The! asterisk! represents! a! bootstrap! value! of!1,000.!!!!!!!!!!!!
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4.4&Concluding&remarks&!! In!this!chapter!I!have!compared!methods!for!performing!a!de#novo!assembly!of!the!recently!discovered!species!Entamoeba#bangladeshi,!which!was!sequenced!as!part!of!an!undefined!xenic!culture.!Initially,!reads!found!to!contain!sequences!from!genomes!other! than! that! of! E.# bangladeshi! were! filtered! out! of! the! read! libraries! through! an!iterative!use!of! the!publicly!available!Blobplot!protocol.!Whilst! it! is!unlikely! that! this!process!could!be!used!to!remove!all!contaminants!from!a!metagenomic!sample,!it!was!effective!in! improving!the!performance!of!the!ABySS!assembler,!resulting!in!a!greatly!improved! genomic! assembly! of! E.# bangladeshi.! Other! researchers! aiming! to! extract!
Entamoeba!reads!from!a!metagenomic!sample!would!be!encouraged!to!consider!using!the!method!described!here!prior!to!performing!a!final!assembly.!!! Once!reads!confirmed!as,!or!suspected!of,!containing!sequence!data!from!the!E.#
bangladeshi!genome!had!been!extracted,!the!performances!of!four!de#novo!assemblers!based! upon! the! de! Bruijn! algorithm! –! AbySS,! Ray,! Velvet! and! SOAPdenovo! –! in!assembling!the!E.#bangladeshi!genome!were!compared.!No!program!can!be!deemed!the!best! for! assembling! all! genomes,! nor! can! any! one! parameter! be! considered! a!universally!good!measure!of!genotype!quality.!As!such,!it!was!necessary!to!investigate!which! parameters! provided! the! most! practical! and! informative! assessment! of!assemblies! of! this!member! of! the!Entamoeba! genus,! and! judge! the! assemblies! using!these! statistics.! The! NG50! statistic,! combined! with! a! measure! of! the! proportion! of!geneNsized! scaffolds! in! an! assembly! and! a! count! of! expected! core! genes,! produced!rational!results.!The!oftNused!N50!statistic,!on!the!other!hand,!was! found!to!be!easily!skewed!by!a!short,!inferior!assembly.!It!would!seem!that!this!statistic,!certainly!on!its!own,!is!insufficient!as!a!measure!of!assembly!quality.!! ABySS! produced! the! best! assembly! overall,! with! Ray! assembling! a! relatively!short! set! of! scaffolds.! If! one! were! to! perform! a! single! assembly! for! an! Entamoeba!genome,! it! would! be! advisable! not! to! utilise! the! Ray! platform.! The! optimisation! of!parameters!used! in!any!of! the!other! three!programs! tested!here!would,!however,!be!encouraged.! It! is! important! to! note,! however,! that! the! assembly!produced!using!Ray!did!include!gene!sequences!not!seen!in!the!other!three!assemblies.!So,!too,!did!a!final!method!that!involved!performing!individual!assemblies!for!each!orthologue!of!a!known!
Entamoeba! gene! found! in! the!E.# bangladeshi! reads.!As! such,! neither! of! these! general!methods!can!be!recommended!more!highly! than! the!other.! Indeed,!one!can!conclude!
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that!researchers!investigating!the!gene!content!of!an!Entamoeba!species!for!which!a!de#
novo# assembly! is! necessary! would! be! well! advised! to! perform!multiple! full! genome!assemblies!using!different!platforms,!as!well!as!individual!assemblies!for!the!core!gene!sets! described! in! this! chapter.! These! assemblies! are! far! from!costly! to! generate! and,!together,!can!provide!a!much!clearer!picture!of!the!coding!sequences!contained!within!newly!assembled!genomes.!It!would!be!very!interesting!to!see!which!genes!are!found!to! exist! in! the! E.# bangladeshi! genome! as! a! result! of! such! methods! when! it! is! more!completely!assembled!than!was!possible!to!achieve!here.!!Finally,!the!phylogenetic!relationship!of!E.#bangladeshi!to!its!confirmed!humanNinfective! relatives!and! the!more!distant!E.# invadens!were!presented!here! for! the! first!time.! This! is! also! the! first! time! a! complete! gene! sequence! has! been! used! to! test! the!phylogeny!of!the!novel!species.!E.#bangladeshi!was!found!to!be!most!closely!related!to!
E.# histolytica.! It! diverged! from!a! common! ancestor! after!E.#moshkovskii! but! before!E.#
histolytica!and!E.#dispar,!implying!that!it!is!a!humanNinfective!species.!I!am!hopeful!that!further!research!will! investigate!this!species!in!order!to!gain!a!greater!understanding!of!its!genome!structure!and!gene!content.!With!such!information,!it!may!be!possible!to!determine!whether!E.#bangladeshi#is!a!nonNinvasive!parasite!or!another!species!capable!of! causing! symptomatic! amoebiasis! for!which!preventative!measures!will! need! to!be!investigated.!!!!!!!!!!!!!!!!!
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Chapter&Five&–&Conclusions&and&Future&work&!! Entamoeba#histolytica! is!an!obligate!parasite!of!humans!and!is!the!aetiological!agent!of! the!disease!amoebiasis! [1].!The!genome!of!E.#histolytica#has!been!studied! in!depth!over! the!past!decade!with!much!being! learned!about! the!genes!and!proteins! it!employs! in! parasitising! and! invading! hosts! [49N51].! However,! comparatively! few!studies! have! looked! into! the! genetic! content! of! other!members! of! the! genus.! Recent!years!have!seen!an!increase!in!evidence!suggesting!that!species!other!than!E.#histolytica!are!pathogenic! [4,!33],!as!well!as! the!discovery!of!a!novel!humanNinfective!species! in!Bangladesh! [26].! This! project! sought! to! utilise! modern! comparative! genomic!techniques! to! improve! understanding! of! these! species,! their! capacity! for! causing!disease!and!their!potential!impact!upon!the!epidemiology!of!amoebiasis.!!!
5.1&Entamoeba)moshkovskii)–&assembly,&annotation&and&diversity&studies&!! Entamoeba#moshkovskii!was!originally! thought! to!be!a! freeNliving!species! [36,!38].!However,!recent!studies!have!shown!it!to!be!humanNinfective,!with!the!suggestion!that! it! can! cause! disease! [3,! 4,! 44].! A! draft! assembly! and! annotation! of! the! 25! Mb!genome! of!E.#moshkovskii! strain! Laredo!was! presented! here.! The! genome! contained!12,449! gene! models.! It! is! likely! that,! as! has! happened! in! similar! draft! genomic!annotations![51],!this!number!of!genes!will!be!an!overNestimate!of!the!true!count.!ReNassembly!and!reNannotation!of! the!Laredo!genome!would!aid! in!rectifying!any!errors!made!here.!Indeed,!Chapter!Three!of!this!thesis!demonstrated!the!improvements!that!can! be! achieved! through! alignment! of! additional! sequencing! reads,! identifying!incorrectly!called!bases!and!heterozygous!bases,!to!an!existing!genome.!!!! Three! additional! strains! of!E.#moshkovskii! were! subsequently! sequenced! and!mapped!to!the!Laredo!genome.!The!overall!diversity!demonstrated!within!the!species!(based! upon! homozygous! SNP! rates)! was! compared! with! that! of! E.# histolytica.!Significantly! greater! diversity! was! seen! across! all! sequence! classes! of! the! E.#
moshkovskii!genome,!with!coding!regions!proving!to!be!approximately!200!times!more!variable! in! E.# moshkovskii! than! in! E.# histolytica.! This! prompted! the! use! of! the! fourNhaplotype! test,!which! failed! to!detect!evidence!of!genetic!recombination!between!the!strains.! This! suggests! that! E.# moshkovskii! should! no! longer! be! considered! a! single!species,!where!all!strains!exchange!genetic!material.!!E.#moshkovskii!should!henceforth!be! referred! to! as! a! species! complex.! It! would! be! encouraging! to! see! further! studies!
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expand! upon! this! by! investigating! which! members! of! the! E.# moshkovskii# species!complex!are!strains!of!the!same!species.!Determining!which!particular!sequence!types!are! humanNinfective,! and! possibly! pathogenic,! would! also! greatly! improve! our!understanding!of!the!epidemiology!of!amoebiasis.!!
5.2&Comparative&analyses&of&Entamoeba&species’&genetic&content&!! The!generation!of!a!reference!genome!for!E.#moshkovskii!was!exploited!to!allow!a!comparative!genomic!analysis!with!three!other!members!of!the!Entamoeba!genus!–!E.#
histolytica,! Entamoeba# dispar! and! Entamoeba# invadens.! Orthologous! gene! families!present! in! all! four! species!were! identified.! These!were! compared!with! gene! families!present! in! other! genera! in! the!Unikonts! clade! to! generate! a! set! of! orthologous! gene!families! unique! to! the!Entamoeba! genus.! The! functions!most! prevalent! amongst! the!
EntamoebaNexclusive!gene!families!included!those!whose!presence!allows!for!survival!in! the! environmental! niche! into! which! Entamoeba! species! have! adapted! to! fit.! For!example,! all!Entamoeba! possess! cell!membrane! transporters! and! pumps! not! seen! in!other!genera,!as!well!as!cytoskeletonNrelated!and!vesicleNrelated!proteins.!These!may!be!required!to!acquire!nutrients!from!hosts!and!to!phagocytose!bacteria.!It!should!be!recognised! that! this! core! gene! set! is! incomplete! and! further! efforts! would! be!encouraged! to! improve! upon! it,! reducing! it! where! necessary! as! more! species! and!strains!of!Entamoeba!are!sequenced.!It!would!also!be!helpful!to!increase!the!numbers!of!species!against!which!the!Entamoeba!are!compared,!as!this!will!further!refine!the!list!of! gene! families! supposedly! unique! to!Entamoeba.! A! comprehensive! list! of! the! gene!families!required!by!all!parasitic!members!of!this!genus!would!aid!studies!investigating!key! families! required! for! parasitism! of! Entamoeba! hosts,! as! well! as! those! factors!involved!in!causing!invasive!disease.!
& Not! all! infections! by!Entamoeba! species! are!marked!by! symptomatic! disease.!Whilst!some!E.#histolytica!strains!are!capable!of!invading!the!host’s!intestinal!mucosa,!
E.#dispar! is!considered!avirulent![2,!32].!The!presence!of!orthologous!virulence!factor!families!in!the!genus!was!investigated!in!order!to!ascertain!the!virulence!potential!of!E.#
moshkovskii! and! to! identify! those!virulence! factors!predominantly! seen! in!organisms!able! to! cause! amoebic! colitis.! The! results! presented! here! support! the! literature! in!showing!E.#dispar!to!be!a!nonNpathogenic!species![2,!32].!Conversely,!E.#moshkovskii!has!a!genome!consistent!with!that!of!a!humanNinfective!parasite,!but!also!possesses!similar!families! to! those! seen! in! the! pathogenic! reference! strain! of! E.# histolytica,! including!
!! 193!
members! of! the! cysteine! protease! superNfamily.! It! would! be! very! interesting! to! see!further!evidence!of!E.#moshkovskii’s!pathogenicity,!as!the!existence!of!another!humanNinfective! virulent! Entamoeba! species! would! have! a! profound! impact! upon! our!definition!of!the!aetiological!agent!of!amoebiasis,!as!well!as,!potentially,!the!morbidity!and!mortality!rates!of!E.#histolytica!infections.!!Of!particular!importance!in!survival!of!a!parasitic,!and!potentially!invasive,!life!cycle!were!surfaceNbound!virulence!factors!including!the!heavy!Gal/GalNAc!lectins!and!members!of!the!vast!BspA!family.!These!proteins,!the!latter!of!which!are!not!seen!in!the!avirulent!E.#dispar,!are!suspected!of!involvement!in!adherence!of!trophozoites!to!host!cells! [200],! implying! this! stage! is! a!key!determinant!of! the! course!of! an! infection.!As!relatively! little! is! known! regarding! the! BspA! family,! research! into! its! sequence!diversity,! as! well! as! functional! analysis! of! its! precise! role,! would! be! highly!recommended.! The! Gal/GalNAc! lectins! have! previously! been! mooted! as! potential!vaccine! targets,! which! the! findings! presented! here! support,! as! the! CRD! domain! is!present!in!all!strains!studied.!!!! Interesting!results!were!also!obtained!regarding!E.#invadens.!This!parasite!can!infect!a!range!of!reptilian!hosts![345],!leading!to!speculation!as!to!how!it!might!achieve!this.!Presented!in!this!thesis!was!evidence!that!E.#invadens!possesses!expanded!sets!of!several!virulence!factors,!notably!cysteine!proteases!and!surface!proteins!such!as!the!Gal/GalNAc!lectin!complex![81,!314].!It!is!probable!that!these!proteins,!and!the!genes!that!encode!them,!are!responsible!for!allowing!E.# invadens! to!attack!such!a!wide!host!range.!This!may!explain!the!large!genome!and!gene!set!observed!in!E.#invadens!relative!to!those!of!humanNinfective!species![345].!!!
5.3&Comparisons&of&de)novo&genome&assemblers&used&to&construct&Entamoeba)
bangladeshi&genome&!! Many!Entamoeba! cultures! cannot! be! easily! axenised,!making! DNA! extraction!and! sequencing! considerably! more! difficult.! Multiple! methods! of! assembling! DNA!sequenced! from! such! a!mixed! culture!were! compared! in! Chapter! Four! of! this! thesis!using!a! xenic! culture!of! the! recently!discovered! species!Entamoeba#bangladeshi! [26].!The! publicly! available! Blobology! protocol! [325]!was! utilised! to! separate!Entamoeba!reads! from! bacterial! reads,! before! four! de# novo! assembly! programs! –! AbySS,! Ray,!Velvet! and! SOAPdenovo! [141N144]! N! were! compared! using! the! amoebic! reads.! The!
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assemblers!were! tested!using!comparable!parameters!under! the!assumption! that! the!majority!of!genome!assemblies!are!carried!out!with!the!intention!of!identifying!coding!sequences.!Whilst! ABySS!was! found! to! produce! the! best! individual! assembly! in! this!respect,! it! was! found! that! groups! performing! similar! assemblies! in! future!would! be!advised!to!combine!the!gene!prediction!abilities!of!multiple!assemblers.!Each!program!is! capable! of! detecting! coding! sequences! that! the! others! cannot.! Attempting! to!assemble!individual!genes,!rather!than!identifying!genes!within!an!assembled!genome,!produced! fewer! gene! models! yet! still! identified! genes! that! the! larger! assemblies!omitted.! As! such,! a! combination! of! these! techniques! is! advised! for! future! studies!attempting!to!assemble!novel!Entamoeba!species.!!! These!findings!do!come!with!the!caveat!that!different!parameters!and!different!measures! of! assembly! quality! may! produce! significantly! different! results.! As! such,!further!work!to! investigate!and!refine!the!optimal!parameters!required!by! individual!genome! assemblers! would! be! strongly! advised.! Statistics! for! determining! the! best!assembly,!meanwhile,! are!more! complex;! however,! the! results! of! this! thesis! strongly!suggest!that!the!N50!is!an!inadequate!measure!of!assembly!quality.!A!combination!of!the! NG50! statistic,! proportion! of! geneNsized! scaffolds! and! a! count! of! expected! core!genes! produced! far! more! logical! results.! I! would! urge! groups! undertaking! similar!studies!to! investigate!this!matter!further,!however,!and!to!use!additional!parameters,!such! as! those! listed! by! the! Assemblathon! 2! team! [112],!wherever! possible,! so! as! to!improve!the!scientific!community’s!understanding!of!the!best!set!of!statistics!by!which!to!measure!genome!assemblies.!!! With!regards!to!E.#bangladeshi!itself,!genetic!information!was!limited!in!its!use.!However,!the!phylogenetic!relationship!of!E.#bangladeshi,!compared!with!E.#histolytica,!
E.#dispar,!E.#moshkovskii!and!E.#invadens!was!elucidated,!suggesting!that!E.#bangladeshi!is!a!humanNinfective!species.!!As!such,!future!work!would!ideally!further!investigate!the!gene!set!of! this!human!parasite! in!order! to!determine!whether! it!possesses! the!gene!families!identified!here!as!important!to!the!survival!of!a!pathogenic!lifestyle.!As!is!the!case!with!E.#moshkovskii,! the!more! information! that!can!be!accumulated!regarding!E.#
bangladeshi,! the! greater! our! understanding! of! this! parasitic! and,! in! some! cases,!pathogenic! genus! of! protozoa!will! be.! The!work! described! here! on! sequencing! from!xenic! culture! opens! up! new! avenues! for! sampling! genomes! from! more! Entamoeba!strains!and!species!in!the!future.!
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D!
Phospholipases!
Phospholipase!
Phospho!
Searched!NCBI!Gene!DB!using:!
“Phospholipase![A/B/C/D]”!“Entam
oeba!histolytica”!
Poreformers!
D!
Searched!NCBI!Gene!DB!for!accession!numbers!from![50]!
Rubredoxin!
Rubredoxin!
D!
Rubrerythrin!
Rubrerythrin!
D!
Serine!protease!inhibitor!(Serpin)!
“Serine!protease!inhibitor”!
D!
STIRP!
”SerineDthreonineDisoleucine!rich!
protein”!
D!
Sphingomyelinase!C!
“Sphingomyelinase!C”!
D!
SOD!
SOD!
D!
Thioredoxin/Thioredoxin!reductase!
Thioredoxin!
D!
Type!A!flavoprotein!
“Type!A!flavoprotein”!
D!
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Table&A.2.&Coefficient&of&Variation&and&proportion&of& invariant&sites&determined&
for& each& virulence& factor& family.& Values! in! unshaded! cells! were! calculated! using!protein! sequences;! those! in! shaded! cells! were! calculated! using! DNA! sequences,!including!pseudogenes.!CoV!=!1/√α.!
Virulence&Factor&Family&
Coefficient&of&
Variation&
Proportion&of&
invariant&sites&(%)&Adhesin! 0.5290! 0.7975!Arginase! 0.8164! 0.0000!C2!protein!kinase! 0.5942! 16.7723!Cysteine!protease!Family!A! 0.8753!!!! 0.8289! 1.9743!!!! 2.3815!Cysteine!protease!Family!B! 0.7196! 0.2580!Cysteine!protease!Family!C! 0.4226! 0.4519!CPBP! 0.4071! 1.0174!Fe!Hydrogenase! 0.7520! 0.0000!Heavy!Gal/GalNAc!lectin! 0.9174! 0.0000!Intermediate!Gal/GalNAc!lectin! 0.5284! 5.9373!Light!Gal/GalNAc!lectin! 0.9946! 8.1210!Grainins! 0.8198!!!! 0.9219! 5.3432!!!! 7.8916!KERP! 0.7875! 0.0000!Lysozyme! 0.6571!!!! 0.7642! 0.0000!!!! 1.9041!NADPH:flavin!oxidoreductase! 0.3168!! 0.5491! 0.0000!!!! 0.7409!P21Zactivated!kinase! 0.8740! 0.8127!Peroxiredoxin! 0.7239!!!!! 0.6887! 1.3446!!!!! 0.7023!Phospholipases! 0.5981!!!! 0.6187! 0.0000!!!!! 0.0000!Poreformers! 0.2615!!!!! 0.5911! 0.0000!!!!! 0.4851!Rhomboid! 0.0034! 0.0000!Rubredoxin! 0.9280! 0.0000!Rubrerythrin! 1.2622! 0.0000!Serpin! 0.7568! 4.2376!SOD! 0.8084! 32.1017!Sphingomyelinase!C! 0.5051!!!! 0.8657! 4.1837!!!!! 0.0000!STIRP! 0.6560! 0.0835!Thioredoxin! 0.6756!!!!! 0.7931! 4.5217!!!!! 12.1551!Thioredoxin!reductase! 1.1206! 7.2837!Type!A!Flavoprotein! 1.0556!!!!! 0.9441! 0.0000!!!!! 16.7244!
&
!! 227!
Table&A.3.&Original&and&updated&coordinates&of&genes&manually&curated,&having&
been& incorrectly& annotated&by&AUGUSTUS.! For! gene! g10524,! each! line! of! the! row!represents!an!exon.!!
Original&prediction& Corrected&prediction&Gene&
ID&
Scaffold/&
Contig&ID&
+/K&
Start& End& Frame& Start& End& Frame&
g10524! Scaffold!00956! +! 312!1,013! 925!1,519! 2!0! 239!1,013! 925!1,519! 0!0!
g3629! Contig!00295! +! 309! 2,773! 2! 347! 2,773! 0!g12434! Contig!00399! +! 35! 851! 1! 39! 851! 0!g12665! Contig!01277! +! 37! 1,211! 2! 63! 1,211! 0!g13750! Contig!06118! +! 50! 1,226! 1! 261! 1,226! 0!g14162! Contig!07626! +! 309! 649! 2! 242! 649! 0!
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
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Table&A.4.&Gene&clusters&unique&to&Entamoeba)histolytica,&Entamoeba)dispar&and&
Entamoeba)invadens.&!Asterisks!(*)!indicate!families!that!contain!pseudogenes.!!
Gene&count& Cluster&count& Cluster&function&
Entamoeba)histolytica)22! 6! BspA!family!18! 4! Surface!antigen!ariel1!12! 2! AIG1!family!12! 2! Mucins!7! 2! CylicinZ2!7! 2! Cysteine!protease*!6! 1! Acetyltransferase!3! 1! Peroxiredoxin*!2! 1! 60S!ribosomal!subunit!biogenesis!protein!NIP7*!2! 1! Dentin!sialophosphoprotein!2! 1! DNA!repair!protein!2! 1! Gal/GalNAc!light!subunit!2! 1! Dextranase!2! 1! Chaperone!ClpB!2! 1! Midasin!2! 1! Nucleosome!binding!protein!2! 1! Alcohol!dehydrogenase!2! 1! ProteoglycanZ4!2! 1! SerineZrich!25!kDa!antigen!protein!2! 1! ImmediateZearly!protein!
Entamoeba)dispar)13! 1! AIG1!family!5! 2! Heat!shock!protein!3! 1! Serine/threonine/tyrosine!protein!kinase!2! 1! Casein!kinase!I!2! 2! Chaperone!ClpB!2! 1! dab2Zinteracting!protein!2! 1! Ras!family!GTPase!! ! !! ! !
!! 229!
Gene&count& Cluster&count& Cluster&function&
Entamoeba)invadens)214! 46! Serine/threonine/tyrosine!kinase!34! 9! Ras!family!GTPase!32! 2! Ribonuclease!27! 8! Heat!shock!protein!21! 1! Cylicin!21! 2! Myosin!19! 2! Glutamine/asparagineZrich!protein!pqnZ25!16! 5! Actin!15! 1! Thioredoxin!12! 1! Profilin!11! 1! Capsular!polysaccharide!phosphotransferase!11! 2! DNA!doubleZstrand!break!repair!Rad50!ATPase!9! 1! Embryonic!protein!DCZ8!8! 3! Serine/threonine!protein!phosphatase!8! 1! Tropomyosin!alphaZ1!chain!7! 2! ADP!ribosylation!factor!7! 2! Cysteine!protease!7! 1! Elongation!factor!1Zalpha!7! 1! Furin!6! 2! Actophorin!6! 1! Gal/GalNAc!lectin!light!subunit!6! 1! Nitrogen!fixation!protein!nifU!5! 1! CalciumZbinding!protein/Caltractin/CentrinZ1!5! 2! Chaperone!ClpB!5! 1! DNA!repair!and!recombination!protein!rad52!5! 1! GRIP!domainZcontaining!protein!RUD3!5! 2! Serpin!(serine!protease!inhibitor)!5! 1! Vacuolar!protein!sortingZassociated!protein!4! 1! Acyltransferase!4! 1! Ephrin!typeZA!receptor!4A!3! 1! CalmodulinZ4!3! 1! Capsular!polysaccharide!posphotransferase!fcs1!3! 1! Centromeric!protein!E!
!! 230!
Gene&count& Cluster&count& Cluster&function&3! 1! FZbox!and!WD!domain!protein!3! 1! Lysozyme!3! 1! Ornithine!decarboxylase!3! 1! R2r3ZMYB!transcription!factor!3! 1! Ribonucleoprotein!2! 1! 40S!ribosomal!protein!2! 1! 60S!ribosomal!protein!2! 1! Abnormal!long!morphology!protein!2! 1! Coactosin!2! 1! DevelopmentallyZregulated!GTPZbinding!protein!2! 1! Histone!2! 1! LeucineZrich!repeatZcontaining!protein!33!precursor!2! 1! Nucleoporin!nup45!2! 1! Paramyosin!2! 1! Ras!family!guanine!nucleotide!exchange!factors!2! 1! Replication!factorZA!protein!2! 1! SZadenosylmethionine!synthetase!2! 1! Trichoplein!keratin!filamentZbinding!protein!2! 1! Type!A!flavoprotein!2! 1! UDPZNZacetylglucosamine!transporter!2! 1! Zinc!finger!protein!DHHC!domain!containing!protein!2! 1! Zinc!homeostasis!factor!!!!!!!!!!
!!
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required!the!Monte!Carlo!simulation.!
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GO:0005737:!Cytoplasm!
20.81!21.37!14.62!17.90!
EHI!v!EIN:!χ 2!=!11.5173,!pZvalue!<!0.001!
EDI!v!EIN:!χ 2!=!11.2962,!pZvalue!<!0.001!
EIN!v!EMO:!χ 2!=!4.5452,!pZvalue!=!0.033!
GO:0005622:!Intracellular!
44.49!43.89!51.25!42.61!
EHI!v!EIN:!χ 2!=!7.6069,!pZvalue!=!0.006!
EDI!v!EIN:!χ 2!=!7.5311,!pZvalue!=!0.006!
EIN!v!EMO:!χ 2!=!17.7831,!pZvalue!<!0.001!
GO:0016209:!Antioxidant!activity!
1.55!1.26!0.05!1.58!
EHI!v!EIN:!χ 2!=!42.0497,!pZvalue!<!0.001*!
EDI!v!EIN:!χ 2!=!55.0524,!pZvalue!<!0.001*!
EIN!v!EMO:!χ 2!=!58.5489,!pZvalue!<!0.001*!
GO:0015075:!Ion!transporter!activity!
2.41!2.52!0.62!2.31!
EHI!v!EIN:!χ 2!=!32.414,!pZvalue!<!0.001!
EDI!v!EIN:!χ 2!=!33.695,!pZvalue!<!0.001!
EIN!v!EMO:!χ 2!=!40.9933,!pZvalue!<!0.001!
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GO:0004872:!Receptor!activity!
0.85!0.56!0.15!0.73!
EHI!v!EIN:!χ 2!=!5.3917,!pZvalue!=!0.020!
EDI!v!EIN:!χ 2!=!15.4052,!pZvalue!<!0.001!
EIN!v!EMO:!χ 2!=!15.0217,!pZvalue!<!0.001!
GO:0009056:!Catabolism!
2.79!3.05!4.35!2.40!
EHI!v!EIN:!χ 2!=!5.5669,!pZvalue!=!0.018!
EDI!v!EIN:!χ 2!=!11.5706,!pZvalue!=!0.001!
EIN!v!EMO:!χ 2!=!34.8623,!pZvalue!<!0.001!
GO:0006810:!Transport!
3.11!3.86!6.61!3.54!
EHI!v!EIN:!χ 2!=!18.0073,!pZvalue!<!0.001!
EDI!v!EIN:!χ 2!=!42.8352,!pZvalue!<!0.001!
EIN!v!EMO:!χ 2!=!58.7267,!pZvalue!<!0.001!
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GO:0016301:!!Kinase!activity!
7.17!6.23!12.01!14.97!
EHI!v!EIN:!χ 2!=!36.8345,!pZvalue!<!0.001!
EHI!v!EMO:!χ 2!=!75.3238,!pZvalue!<!0.001!
EDI!v!EIN:!χ 2!=!33.0213,!pZvalue!<!0.001!
EDI!v!EMO:!χ 2!=!79.2615,!pZvalue!<!0.001!
EIN!v!EMO:!χ 2!=!17.1608,!pZvalue!<!0.001!
GO:0016491:!!Oxidoreductase!activity!
9.12!7.91!2.77!5.26!
EHI!v!EIN:!χ 2!=!69.0693,!pZvalue!<!0.001!
EHI!v!EMO:!χ 2!=!14.3481,!pZvalue!<!0.001!
EDI!v!EIN:!χ 2!=!114.2331,!pZvalue!<!0.001!
!!
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EDI!v!EMO:!χ 2!=!37.1669,!pZvalue!<!0.001!
EIN!v!EMO:!χ 2!=!35.3053,!pZvalue!<!0.001!
GO:0004871:!!Signal!transducer!activity!
3.06!2.38!0.50!4.35!
EHI!v!EIN:!χ 2!=!35.9702,!pZvalue!=!<!0.001!
EHI!v!EMO:!χ 2!=!11.1945,!pZvalue!<!0.001!
EDI!v!EIN:!χ 2!=!63.5128,!pZvalue!<!0.001!
EDI!v!EMO:!χ 2!=!6.1215,!pZvalue!=!0.013!
EIN!v!EMO:!χ 2!=!128.7255,!pZvalue!<!0.001!
GO:0005198:!Structural!molecule!activity!
1.85!2.45!0.27!0.62!
EHI!v!EIN:!χ 2!=!56.8079,!pZvalue!<!0.001!
EHI!v!EMO:!χ 2!=!37.222,!pZvalue!<!0.001!
EDI!v!EIN:!χ 2!=!39.9077,!pZvalue!<!0.001!
EDI!v!EMO:!χ 2!=!22.7671,!pZvalue!<!0.001!
EIN!v!EMO:!χ 2!=!5.3278,!pZvalue!=!0.021!
GO:0016740:!Transferase!activity!
11.23!11.48!15.36!17.43!
EHI!v!EIN:!χ 2!=!12.5531,!pZvalue!<!0.001!
EHI!v!EMO:!χ 2!=!29.316,!pZvalue!<!0.001!
EDI!v!EIN:!χ 2!=!18.5526,!pZvalue!<!0.001!
EDI!v!EMO:!χ 2!=!42.3429,!pZvalue!<!0.001!
EIN!v!EMO:!χ 2!=!7.1924,!pZvalue!=!0.007!
GO:0005215:!Transporter!activity!
4.41!4.90!1.45!2.86!
EHI!v!EIN:!χ 2!=!53.0682,!pZvalue!<!0.001!
EHI!v!EMO:!χ 2!=!14.4305,!pZvalue!<!0.001!
!!
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EDI!v!EIN:!χ 2!=!47.9749,!pZvalue!<!0.001!
EDI!v!EMO:!χ 2!=!10.7883,!pZvalue!=!0.001!
EIN!v!EMO:!χ 2!=!20.537,!pZvalue!<!0.001!
GO:0005488:!Binding!
30.98!30.39!37.91!27.42!
EHI!v!EIN:!χ 2!=!25.5298,!pZvalue!<!0.001!
EHI!v!EMO:!χ 2!=!4.8536,!pZvalue!=!0.028!
EDI!v!EIN:!χ 2!=!27.6263,!pZvalue!<!0.001!
EDI!v!EMO:!χ 2!=!9.0409,!pZvalue!=!0.003!
EIN!v!EMO:!χ 2!=!119.5158,!pZvalue!<!0.001!
GO:0007154:!Cell!communication!
5.89!5.20!8.51!9.70!
EHI!v!EIN:!χ 2!=!20.6316,!pZvalue!<!0.001!
EHI!v!EMO:!χ 2!=!36.9197,!pZvalue!<!0.001!
EDI!v!EIN:!χ 2!=!17.1897,!pZvalue!<!0.001!
EDI!v!EMO:!χ 2!=!36.7935,!pZvalue!<!0.001!
EIN!v!EMO:!χ 2!=!4.6999,!pZvalue!=!0.030!
GO:0007275:!Development!
2.05!1.55!4.14!2.99!
EHI!v!EIN:!χ 2!=!26.5254,!pZvalue!<!0.001!
EHI!v!EMO:!χ 2!=!11.0861,!pZvalue!<!0.001!
EDI!v!EIN:!χ 2!=!23.4589,!pZvalue!<!0.001!
EDI!v!EMO:!χ 2!=!6.4413,!pZvalue!=!0.011!
EIN!v!EMO:!χ 2!=!11.1099,!pZvalue!<!0.001!
!
!!
235!
G
O
A
&Slim
&ID
&
ED
I&
EH
I&
EIN
&
EM
O
&
Statistics&for&sign
ifican
tly&d
ifferen
t&p
airin
gs&
GO:0043170:!Macromolecule!metabolism!
19.13!19.08!12.70!14.88!
EHI!v!EIN:!χ 2!=!43.7116,!pZvalue!<!0.001!
EHI!v!EMO:!χ 2!=!19.3222,!pZvalue!<!0.001!
EDI!v!EIN:!χ 2!=!57.1822,!pZvalue!<!0.001!
EDI!v!EMO:!χ 2!=!26.8109,!pZvalue!<!0.001!
EIN!v!EMO:!χ 2!=!11.1445,!pZvalue!=!0.001!
GO:0050789:!Regulation!of!biological!process!12.00!11.09!16.18!17.73!
EHI!v!EIN:!χ 2!=!27.2697,!pZvalue!<!0.001!
EHI!v!EMO:!χ 2!=!47.0566,!pZvalue!<!0.001!
EDI!v!EIN:!χ 2!=!24.6159,!pZvalue!<!0.001!
EDI!v!EMO:!χ 2!=!48.7176,!pZvalue!<!0.001!
EIN!v!EMO:!χ 2!=!4.7392,!pZvalue!=!0.029!
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GO:0016020:!Membrane!
22.02!20.99!26.66!30.13!
EHI!v!EIN:!χ 2!=!5.9679,!pZvalue!=!0.015!
EHI!v!EMO:!χ 2!=!14.933,!pZvalue!<!0.001!
EDI!v!EIN:!χ 2!=!4.6634,!pZvalue!=!0.031!
EDI!v!EMO:!χ 2!=!13.8309,!pZvalue!<!0.001!
GO:0009058:!Biosynthesis!
5.68!5.36!2.34!2.10!
EHI!v!EIN:!χ 2!=!38.8107,!pZvalue!<!0.001!
EHI!v!EMO:!χ 2!=!56.8122,!pZvalue!<!0.001!
EDI!v!EIN:!χ 2!=!56.8463,!pZvalue!<!0.001!
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EDI!v!EMO:!χ 2!=!84.6367,!pZvalue!<!0.001!
GO:0030154:!Cell!differentiation!
0.42!0.32!2.67!2.19!
EHI!v!EIN:!χ 2!=!36.454,!pZvalue!<!0.001!
EHI!v!EMO:!χ 2!=!28.0414,!pZvalue!<!0.001!
EDI!v!EIN:!χ 2!=!48.7331,!pZvalue!<!0.001!
EDI!v!EMO:!χ 2!=!36.9405,!pZvalue!<!0.001!
GO:0006928:!Cell!motility!
0.14!0.43!1.28!1.42!
EHI!v!EIN:!χ 2!=!8.7129,!pZvalue!=!0.003!
EHI!v!EMO:!χ 2!=!11.3672,!pZvalue!=!0.001!
EDI!v!EIN:!χ 2!=!27.3161,!pZvalue!<!0.001*!
EDI!v!EMO:!χ 2!=!31.8374,!pZvalue!<!0.001*!
&&&&&&&&&&
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GO:0005622:!Intracellular!
51.21!49.44!33.66!41.31!
EHI!v!DDI:!χ 2!=!220.6421,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!80.8169,!pZvalue!<!0.001!
GO:0005737:!Cytoplasm!
17.67!20.60!18.21!23.24!
EHI!v!ACA:!χ 2!=!8.5665,!pZvalue!=!0.003!
EHI!v!SCE:!χ 2!=!35.1247,!pZvalue!<!0.001!
GO:0016020:!Membrane!
21.47!16.74!30.73!18.02!
EHI!v!DDI:!χ 2!=!70.0117,!pZvalue!<!0.001!
EHI!v!ACA:!χ 2!=!24.3738,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!15.9325,!pZvalue!<!0.001!
GO:0005634:!Nucleus!
8.21!10.50!8.78!14.00!
EHI!v!ACA:!χ 2!=!9.2585,!pZvalue!=!0.002!
EHI!v!SCE:!χ 2!=!57.0086,!pZvalue!<!0.001!
GO:0005694:!Chromosome!
1.07!1.58!0.65!2.26!
EHI!v!SCE:!χ 2!=!12.9585,!pZvalue!<!0.001!
GO:0005576:!Extracellular!region!
0.19!0.60!5.25!0.36!
EHI!v!DDI:!χ 2!=!108.877,!pZvalue!<!0.001*!
EHI!v!ACA:!χ 2!=!5.5889,!pZvalue!=!0.022*!
GO:0030312:!External!encapsulating!structure!0.09!0.32!0.16!0.81!
EHI!v!SCE:!χ 2!=!13.7197,!pZvalue!=!0.001*!
GO:0009986:!Cell!surface!
0.09!0.06!0.13!0.00!
EHI!v!SCE:!χ 2!=!18.281,!pZvalue!=!0.014*!
!!
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GO:0005615:!Extracellular!space!
0.00!0.08!2.41!0.00!
EHI!v!DDI:!χ 2!=!53.0119,!pZvalue!<!0.001*!
GO:0005488:!Binding!
36.07!42.37!38.27!31.41!
EHI!v!DDI:!χ 2!=!7.8568,!pZvalue!=!0.005!
EHI!v!ACA:!χ 2!=!71.8218,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!42.1398,!pZvalue!<!0.001!
GO:0016787:!Hydrolase!activity!
13.57!8.36!9.50!12.28!
EHI!v!DDI:!χ 2!=!64.5563,!pZvalue!<!0.001!
EHI!v!ACA:!χ 2!=!131.2465,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!6.2946,!pZvalue!=!0.012!
GO:0016740:!Transferase!activity!
11.78!9.37!17.15!13.24!
EHI!v!DDI:!χ 2!=!87.4312,!pZvalue!<!0.001!
EHI!v!ACA:!χ 2!=!27.4659,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!8.1691,!pZvalue!=!0.004!
GO:0016301:!Kinase!activity!
7.31!5.46!8.03!3.64!
EHI!v!ACA:!χ 2!=!26.089,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!124.0981,!pZvalue!<!0.001!
GO:0003676:!Nucleic!acid!binding!
4.11!5.27!7.73!14.36!
EHI!v!DDI:!χ 2!=!85.6063,!pZvalue!<!0.001!
EHI!v!ACA:!χ 2!=!12.4374,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!460.7881,!pZvalue!<!0.001!
GO:0016491:!Oxidoreductase!activity!
4.13!2.48!3.57!3.40!
!
EHI!v!ACA:!χ 2!=!39.9904,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!6.1997,!pZvalue!=!0.013!
!
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GO:0005515:!Protein!binding!
11.51!17.71!4.41!5.03!
EHI!v!DDI:!χ 2!=!291.0861,!pZvalue!<!0.001!
EHI!v!ACA:!χ 2!=!126.6165,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!269.8634,!pZvalue!<!0.001!
GO:0005215:!Transporter!activity!
1.92!1.16!1.52!4.50!
EHI!v!ACA:!χ 2!=!17.6407,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!80.7731,!pZvalue!<!0.001!
GO:0005198:!Structural!molecule!activity!
0.65!0.51!0.50!1.94!
EHI!v!SCE:!χ 2!=!46.5943,!pZvalue!<!0.001!
GO:0004871:!Signal!transducer!activity!
2.24!1.15!2.37!0.51!
EHI!v!ACA:!χ 2!=!34.6093,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!117.9236,!pZvalue!<!0.001!
GO:0030234:!Enzyme!regulator!activity!
1.76!1.12!1.09!2.07!
EHI!v!DDI:!χ 2!=!12.4531,!pZvalue!<!0.001!
EHI!v!ACA:!χ 2!=!13.1219,!pZvalue!<!0.001!
GO:0016874:!Ligase!activity!
0.83!1.11!1.37!1.38!
EHI!v!DDI:!χ 2!=!9.5219,!pZvalue!=!0.002!
EHI!v!SCE:!χ 2!=!10.5668,!pZvalue!=!0.001!
GO:0015075:!Ion!transporter!activity!
1.07!0.75!0.68!2.55!
EHI!v!DDI:!χ 2!=!6.6731,!pZvalue!=!0.010!
EHI!v!ACA:!χ 2!=!5.2263,!pZvalue!=!0.022!
EHI!v!SCE:!χ 2!=!45.6585,!pZvalue!<!0.001!
GO:0004386:!Helicase!activity!
0.47!0.48!0.60!0.90!
EHI!v!SCE:!χ 2!=!10.1129,!pZvalue!=!0.001!
GO:0004872:!Receptor!activity!
0.90!0.50!1.17!0.24!
EHI!v!ACA:!χ 2!=!10.7967,!pZvalue!=!0.001!
EHI!v!SCE:!χ 2!=!40.276,!pZvalue!<!0.001!
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GO:0016829:!Lyase!activity!
0.42!1.26!0.78!0.80!
EHI!v!DDI:!χ 2!=!7.1927,!pZvalue!=!0.007!
EHI!v!ACA:!χ 2!=!30.575,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!8.6506,!pZvalue!=!0.003!
GO:0016209:!Antioxidant!activity!
0.31!0.11!0.15!0.22!
EHI!v!ACA:!χ 2!=!9.2956,!pZvalue!=!0.002!
GO:0008565:!Protein!transporter!activity!
0.25!0.04!0.09!0.35!
EHI!v!DDI:!χ 2!=!5.2625,!pZvalue!=!0.022!
EHI!v!ACA:!χ 2!=!15.2297,!pZvalue!<!0.001!
GO:0015267:!Channel!or!pore!class!transporter!
activity!
0.06!0.22!0.19!0.35!
EHI!v!DDI:!χ 2!=!4.7422,!pZvalue!=!0.022*!
EHI!v!ACA:!χ 2!=!6.6795,!pZvalue!=!0.008*!
EHI!v!SCE:!χ 2!=!13.7396,!pZvalue!=!0.001*!
GO:0045182:!Translation!regulator!activity!
0.00!0.01!0.00!0.12!
EHI!v!SCE:!χ 2!=!7.4066,!pZvalue!=!0.011*!
GO:0008152:!Metabolism!
24.99!23.43!28.29!27.85!
EHI!v!DDI:!χ 2!=!30.9301,!pZvalue!<!0.001!
EHI!v!ACA:!χ 2!=!8.7349,!pZvalue!=!0.003!
EHI!v!SCE:!χ 2!=!30.6059,!pZvalue!<!0.001!
GO:0043170:!Macromolecule!metabolism!
15.01!13.86!15.12!22.27!
EHI!v!ACA:!χ 2!=!7.1372,!pZvalue!=!0.008!
EHI!v!SCE:!χ 2!=!238.4408,!pZvalue!<!0.001!
GO:0050789:!Regulation!of!biological!process!16.80!16.27!10.71!7.99!
!
EHI!v!DDI:!χ 2!=!183.3241,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!667.394,!pZvalue!<!0.001!
!
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GO:0050896:!Response!to!stimulus!
11.51!11.78!8.63!4.14!
EHI!v!DDI:!χ 2!=!52.8262,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!779.4157,!pZvalue!<!0.001!
GO:0006139:!Nucleobase,!nucleoside,!nucleotide!
and!nucleic!acid!metabolism!
5.72!6.63!9.39!14.33!
EHI!v!DDI:!χ 2!=!102.8679,!pZvalue!<!0.001!
EHI!v!ACA:!χ 2!=!9.0406,!pZvalue!=!0.003!
EHI!v!SCE:!χ 2!=!499.6046,!pZvalue!<!0.001!
GO:0009058:!Biosynthesis!
3.53!5.18!5.89!12.32!
EHI!v!DDI:!χ 2!=!65.5539,!pZvalue!<!0.001!
EHI!v!ACA:!χ 2!=!39.3025,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!606.2695,!pZvalue!<!0.001!
GO:0007154:!Cell!communication!
8.20!7.18!4.77!1.26!
EHI!v!DDI:χ 2!=!115.0102,!pZvalue!<!0.001!
EHI!v!ACA:!χ 2!=!9.9052,!pZvalue!=!0.002!
EHI!v!SCE:!χ 2!=!1442.618,!pZvalue!<!0.001!
GO:0006810:!Transport!
4.62!4.17!10.45!6.40!
EHI!v!DDI:!χ 2!=254.2104,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!41.5705,!pZvalue!<!0.001!
GO:0007275:!Development!
3.10!4.33!1.95!0.00!
EHI!v!DDI:!χ 2!=!31.449,!pZvalue!<!0.001!
EHI!v!ACA:!χ 2!=!25.9575,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!1247.861,!pZvalue!<!0.001*!
GO:0009056:!Catabolism!
3.72!2.78!3.16!2.56!
EHI!v!DDI:!χ 2!=!5.2516,!pZvalue!=!0.022!
EHI!v!ACA:!χ 2!=!19.5234,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!36.5236,!pZvalue!<!0.001!
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GO:0030154:!Cell!differentiation!
1.39!2.37!0.77!0.58!
EHI!v!DDI:!χ 2!=!20.5514,!pZvalue!<!0.001!
EHI!v!ACA:!χ 2!=!30.6476,!pZvalue!<!0.001!
EHI!v!SCE:!χ 2!=!65.1084,!pZvalue!<!0.001!
GO:0006928:!Cell!motility!
0.70!0.91!0.40!0.04!
EHI!v!DDI:!χ 2!=!9.4919,!pZvalue!=!0.002!
EHI!v!SCE:!χ 2!=!189.944,!pZvalue!<!0.001!
GO:0008219:!Cell!death!
0.43!0.69!0.12!0.07!
EHI!v!DDI:!χ 2!=!20.8153,!pZvalue!<!0.001!
EHI!v!ACA:!χ 2!=!6.8955,!pZvalue!=!0.009!
!EHI!v!SCE:!χ 2!=!71.2897,!pZvalue!<!0.001!
GO:0007610:!Behavior!
0.10!0.16!0.07!0.00!
EHI!v!SCE:!χ 2!=!39.0475,!pZvalue!<!0.001*!
GO:0009405:!Pathogenesis!
0.02!0.02!0.10!0.00!
EHI!v!DDI:!χ 2!=!4.7041,!pZvalue!=!0.042*!
EHI!v!SCE:!χ 2!=!8.676,!pZvalue!=!0.037*!
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Table&B.1.&Concentrations&of&DNA&samples& from&Entamoeba)moshkovskii& strains&
FIC,& 15114& and& Snake,& Entamoeba) dispar& strains& SAW760& and& AS16IR,& and&
Entamoeba) bangladeshi& strain& 8237,& at& different& stages& in& creation& of& pooled&
libraries.! Concentrations! and! volumes! of! purified!DNA!extracts!were! recorded! after!dilution!to!within!range!required!by!TruSeq!protocol.!Concentrations!and!volumes!for!libraries!of! individual! strains!were! recorded!after!dilution! to!within! range!of!Agilent!2100!Bioanalyzer.!These!diluted!samples!constitute!the!final!pooled!libraries.!!
Extracted&DNA&& StrainKspecific&libraries&
Library& Strains& Conc.&
(ng/µL)&
Vol.&
(µL)&
Conc.&
(ng/µL)&
Vol.&&
(µL)&
Pooled&
library&conc.&
(ng/µL)&FIC! 41.5! 29! K! K!15114! 13.0! 64! K! K!1! Snake! 34.4! 49! K! K! K!Laredo! 21.6! 100! 1.95! 10.84!SAW760! 10.0! 75! 2.59! 3.99!AS16IR! 9.50! 55! 2.62! 10.90!2! 8237! 24.8! 110! 2.36! 4.43! 0.25!SAW760! 10.0! 75! 7.45! 12.42!3! 8237! 24.8! 110! 6.77! 17.58! 2.18!!!!!!!!!!!!!!!!
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Review Article
Host–Parasite interactions in Entamoeba histolytica and Entamoeba
dispar: what have we learned from their genomes?
I. W. WILSON, G. D. WEEDALL & N. HALL
Institute of Integrative Biology, University of Liverpool, Crown Street, Liverpool, UK
SUMMARY
Invasive amoebiasis caused by Entamoeba histolytica is a
major global health problem. Virulence is a rare outcome of
infection, occurring in fewer than 1 in 10 infections. Not all
strains of the parasite are equally virulent, and understand-
ing the mechanisms and causes of virulence is an important
goal of Entamoeba research. The sequencing of the genome
of E. histolytica and the related avirulent species Entamoeba
dispar has allowed whole-genome-scale analyses of genetic
divergence and differential gene expression to be undertaken.
These studies have helped elucidate mechanisms of virulence
and identified genes differentially expressed in virulent and
avirulent parasites. Here, we review the current status of the
E. histolytica and E. dispar genomes and the findings of a
number of genome-scale studies comparing parasites of differ-
ent virulence.
Keywords differential gene expression, Entamoeba, genome,
virulence
INTRODUCTION
Amoebiasis is a disease of global importance, caused by
the eukaryotic parasite Entamoeba histolytica. It is the
most common worldwide cause of mortality from a proto-
zoon after malaria, killing an estimated 40 000–110 000
people annually, and causing 34–50 million cases of severe
disease. However, fewer than 10% of those infected develop
invasive amoebiasis (1). Those most at risk are people liv-
ing in areas of poor sanitation, as the parasite is transmit-
ted via a faecal–oral route. In such environments, exposure
may be very high. For example, acquisition of Entamoeba-
specific antibodies indicated an annual incidence of infec-
tion of 40% in children living in a slum in Bangladesh (2).
In Hu!, Vietnam prevalence of Amoebic Liver Abscesses
(ALA) was higher in a more densely populated area than
in the city as a whole (3,4). In more affluent countries,
where poor living conditions are less common, amoebiasis
tends to be seen in certain groups, such as travellers return-
ing from endemic areas (5), men who have sex with men
and institutionalised individuals (6–9). Heterosexual and
female homosexual activity can also transmit amoebiasis
(10). Overall, men are more susceptible to invasive amoebi-
asis than women, despite similar infection rates (11). It is
hypothesised that, in pathogenic E. histolytica infections,
resistance to invasion is determined by a relatively small
number of host genes (12).
The molecular biology of Entamoeba is complex, and
much remains unknown, including chromosome number,
ploidy and whether they undergo sexual reproduction. In
an effort to better understand the biology of E. histolytica,
its genome was sequenced along with that of the related
species Entamoeba dispar. Since the first assembly and
annotation of the E. histolytica genome in 2005 (13,14),
significant advances have been made in understanding
host–parasite interactions and virulence in Entamoeba. In
this review, we describe the current status of genome
annotation in virulent and nonvirulent Entamoeba species
and review some of the important genes identified by
genomic, proteomic and transcriptomic studies in the con-
text of the pathogenic E. histolytica life cycle.
Entamoeba histolytica’s pathogenic life cycle
Entamoeba histolytica has a two-stage life cycle, existing as
resistant infective cysts in the environment and potentially
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pathogenic trophozoites in the human colon. Upon excy-
station, trophozoites follow one of two paths. The more
common path is commensal colonisation, where trophozoites
inhabit the gut lumen and feed on enteric bacteria by
phagocytosis, a process involving rearrangement of the
amoebic cytoskeleton to internalise bacteria in lytic phago-
somes (15). The less common path leads to invasive amoe-
biasis. Virulence factors allow the parasite to cause
pathogenic amoebiasis via a variety of mechanisms, cru-
cially including those that allow it to resist and subvert the
host’s innate and adaptive immune responses (Figure 1).
Upon activation, previously commensal trophozoites
degrade the colonic mucosal layer then bind to host epithe-
lial cells (16,17). As reviewed by Lejeune et al. (18), the
bound trophozoites trigger pathology in the host tissues,
promoting penetration and infection. Apoptosis is induced
in the trophozoite-bound epithelial cells as a result of cas-
cading secretory proinflammatory cytokines. This cellular
damage and the subsequent lateral invasion through the
submucosa result in tissue inflammation and characteristic
flask-shaped ulcers (19). The importance of apoptosis in
amoebic virulence (20) is highlighted by studies on the lep-
tin signalling pathway. Leptin signalling has multiple roles
in the human body including regulation of the immune
response to infection (towards a Th1 inflammatory
response) and preventing apoptosis; however, experiments
in mice show that it is leptin’s anti-apoptotic role in gut
epithelia, rather than its role in immune effector cells,
which mediates susceptibility (21). An amino acid substitu-
tion (glutamine to arginine) in the leptin receptor is associ-
ated with increased susceptibility to, and severity of,
infection in both mice and humans (22).
In many respects, the immune response to E. histolytica
infection resembles that raised against the intestinal para-
sites Cryptosporidium and Giardia (23,24), with important
roles for reactive oxygen species (ROS), nitric oxide (NO)
and secreted IgA (25,26). Host immunity and pathology are
closely linked. Human immune cells are recruited to the site
of trophozoite invasion and, whilst attacking trophozoites,
enhance the pathology caused by the invasion. NO and
ROS released by immune effector cells damage E. histolytica
trophozoites; however, the parasites have evolved means to
minimise damage caused by these oxygen species, including
the expression of various surface molecules (27–31) and
internalisation and destruction of host immune cells (as well
as other host cells) by phagocytosis (15).
Entamoeba histolytica also faces challenges from adap-
tive immunity. Adaptive immunity appears to protect
against symptomatic disease, although not reinfection
(32,33). The occurrence of subsequent infections indicates
that immunity is either incomplete, ineffective against
heterologous parasite strains or that the parasite utilises
effective immune evasion strategies. For example, immuno-
globulins binding to surface proteins may block adhesion
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Figure 1 Key virulence factors of Entamoeba histolytica involved in pathogenic infections that have been identified by genome-scale investi-
gations. 1 = Binding to epithelial extracellular matrix via Gal ⁄GalNac lectin and EhSTIRP; and degradation of MUC2 polymers via
secreted cysteine proteases. 2 = Subversion of host immune response, following binding of LPPG to host Toll-Like receptors 2 and 4, via
degradation of reactive oxygen species by superoxide dismutase, NADPH:flavin oxidoreductase and peroxiredoxin. Fe-hydrogenase inhibits
immune response by unknown mechanism. 3 = ‘Capping and Shedding’ of trophozoite surface antigens by host antibodies and lectins,
involving cytoskeletal rearrangement to translocate antigen–antibody complexes to ‘uroid’ of cell for shedding. Putative function for
EhROM1 in translocation. 4 = Direct contact between trophozoite and host or bacterial cell, leading to secretion of amoebapore-A, which
forms pores in target cell membrane without need for receptor.
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and activate the complement pathway. Trophozoites
appear to be able to evade this arm of immunity by a pro-
cess of ‘capping and shedding’ where bound antibodies
are moved to the rear of the trophozoite, forming an
‘uroid’, and are shed. The host immune system is tempo-
rarily ‘blind’ to the parasite until different surface recep-
tors are bound, at which point the process begins again
(34,35).
Trophozoites that penetrate and cross the intestinal epi-
thelium can be disseminated to other organs, most com-
monly the liver, where they form abscesses. Entering the
relatively oxygen-rich environment of the bloodstream
exposes the trophozoites to greater oxidative stress. In
addition, greater exposure to humoral immunity and the
complement system places the trophozoites at greater risk
of inhibition and degradation. Consequently, it is likely
that trophozoites require different molecular pathways to
cause ALA, rather than remain as intestinal infections
(36,37).
In support of this theory, virulent E. histolytica troph-
ozoites exposed to conditions inducing heat shock demon-
strate differential gene expression. According to a
microarray analysis of 1131 transcripts, 471 genes were
downregulated and 40 upregulated when cells grown at
37"C were incubated at 42"C for 4 h. It has been hypoth-
esised that the large number of downregulated genes is
indicative of a general molecular reaction to a heat shock-
induced homeostatic imbalance (38).
After entering the hepatic sinusoids, pathogenic troph-
ozoites invade the parenchyma. The hepatocytes and
trophozoites are physically separated by a barrier of poly-
morphonuclear leukocyte (PMNs) and mononuclear host
cells. The trophozoites make direct contact with the
PMNs, resulting in lysis of the immune cells and the
release of their own lytic enzymes, which damage sur-
rounding hepatocytes. As surviving trophozoites reproduce
and spread, the necrotic regions coalesce into abscesses.
Immune epithelioid cells segregate these regions from
healthy tissue, forming granulomas, in which the trophozo-
ites are trapped with the expanding necrotic zones (37,39).
Differential virulence between Entamoeba species and
strains
Evidently, not all E. histolytica strains are equally virulent.
The genomic reference strain, E. histolytica HM-1:IMSS,
is the best-studied virulent strain of E. histolytica, derived
from a colonic biopsy taken from a man with dysentery in
Mexico in 1967 (13,40). The E. histolytica Rahman strain
was isolated from the stool of an Indian sailor in the UK
in 1964 (41) and is considered to be avirulent. It has
reduced ability to phagocytose erythrocytes, damage colo-
nic epithelia and cause ALA, relative to HM-1:IMSS
(29,42). A close human-infective relative of E. histolytica is
E. dispar, which is morphologically indistinguishable from
E. histolytica by microscopic analysis. Only in 1993 was it
described as a distinct species, under the name ‘dispar’
originally used by Brumpt in 1925 (43). E. dispar is aviru-
lent. Tracking E. dispar (strain SAW1734) cells on human
colonic explants shows that they do not break down the
mucus barrier or cause epithelial cell damage, unlike
E. histolytica HM-1:IMSS (Figure 2) (44). Recently, how-
ever, E. dispar has been associated both with cases of
amoebic colitis and ALA, and its avirulence status has
been questioned (45).
The genomes of Entamoeba histolytica and Entamoeba
dispar
The draft assembly and annotation of the E. histolytica
HM-1:IMSS genome was published in 2005 (13,14). A
reassembly of the genome, including more sequence data
and new annotation, was published in 2010 (46). The gen-
ome assembly and annotation was held on the Pathema
website (http://pathema.jcvi.org/Pathema/) (47). More
recently, the data have been made available on AmoebaDB
(http://www.amoebadb.org), part of the EuPathDB web
resource (48–50), along with the as-yet unpublished gen-
ome sequence of E. dispar. The E. histolytica genome
assembly represents approximately 20 Mb of sequence,
covered to >12.5 · depth (13,46). It remains fragmentary,
comprising 1496 scaffolds, most likely due to the high
number of repetitive elements in the genome (51). The
E. dispar assembly is slightly larger than that of E. histoly-
tica (!22 Mb), but is sequenced to lower coverage depth
(!4.5·) and is more fragmentary (3312 scaffolds). A total
of 8745 genes are predicted, slightly more than the !8300
for E. histolytica. Average divergence between orthologous
genes of the two species is approximately 38% at synony-
mous sites (Weedall G., unpublished observations).
The reassembly and reannotation of the E. histolytica
genome reduced the estimated number of genes from
!10 000 to 8333, largely because of the removal of appar-
ently artefactual paralogues, very short gene models and
truncated genes (46). The majority of genes (!55%)
encode unknown proteins (Figure 3). This can be com-
pared to other gut parasites, the apicomplexan Cryptospo-
ridium parvum (40% of 4367 genes are annotated as
hypothetical) and the diplomonad Giardia lamblia (75% of
9747 genes are annotated as hypothetical in isolate WB
from assemblage A) (data from EuPathDB). The predomi-
nance of uncharacterised genes presents a problem for
genome-wide analyses because the majority of genes of
interest are often of unknown function. The facility to
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upload corrected annotations to the genome is available
(47,49), and such ‘community annotation’ has been
encouraged (52). Researchers can post corrections to gene
models, links to validating data and functional annota-
tions that can be incorporated into future annotations.
Annotation of hypothetical proteins in other species, such
as Plasmodium falciparum, has been improved by using
annotated genes with similar transcriptional profiles, anno-
tated orthologues and automated literature mining (53).
Similar methods may aid the annotation of E. histolytica.
Genome-scale analyses of Entamoeba virulence
Entamoeba genome sequences are used either as a means
to identify sequences generated by processes such as mass
spectrometry of peptides (29,54,55) or sequencing of
cDNA from differential display PCR (36,56), or to design
microarrays for hybridisation-based analyses (57–61).
Many genes involved in amoebic pathogenesis have been
identified by genome-wide analyses. Investigations have
compared gene expression in the same strain in different
environments, identifying genes that may be important for
(a) (b) (c)
(d) (e)
(f) (g)
Figure 2 Comparison of colonisation of the colonic surface by Entamoeba histolytica and Entamoeba dispar. Panels show breakdown of
mucus by E. histolytica after 0 h (a) and 2 h (b). Enlargement of region shows aggregates of trophozoites and recruited human cells (c).
After 4 h, trophozoites begin to damage (d) and to penetrate epithelia (e). Conversely, after 4 h, E. dispar binds to, but does not degrade,
the mucus barrier (f) and, as shown by manually removing the mucus layer, does not recruit immune cells to the epithelial surface (g). [Rep-
rinted, with permission, from (44)].
Figure 3 Comparison of the current status of the Entamoeba
histolytica and Entamoeba dispar genome annotations, indicating
the relative proportions of genes with putative functions. ‘Anno-
tated’ = Percentage of non-hypothetical genes in the annotation;
‘GO’ = Percentage of genes associated with a ‘Gene Ontology’
term, i.e. those with either a cellular component, molecular
function or biological process; ‘EC’ = Percentage of genes with
‘Enzyme Commission’ numbers, i.e. enzymes identified as being
involved in known chemical reactions. Based upon figures
from AmoebaDB (48–50). Based on most recent genome
annotation (46).
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survival in these environments (36,59), and compared cell
lines that show different virulence characteristics
(29,57,58,60,62).
A DNA microarray created from a clone library repre-
senting 2110 unique genes has been used to compare
diversity of genomic DNA among E. histolytica and
E. dispar strains (63) and transcriptional differences
between E. histolytica HM-1:IMSS, E. histolytica Rahman
and E. dispar SAW760 (60). A 70-bp oligonucleotide
DNA microarray representing 6242 unique E. histolytica
HM-1:IMSS genes has been used to compare transcrip-
tional differences between HM-1:IMSS and Rahman and
to compare syngenic cell lines of differential virulence
derived from HM-1:IMSS (57,58). A different microarray
using 25-bp oligonucleotide probes representing 9435
E. histolytica HM-1:IMSS open reading frames has been
used to compare E. histolytica trophozoites from murine
intestinal infections and from in vitro culture (59) and to
compare the transcriptional responses of HM-1:IMSS and
Rahman to oxidative and nitrosative stress (61).
The numbers of putative differentially expressed genes
among strains vary with the different methods and criteria
used to define differential expression. However, broad
trends are apparent. A greater proportion of E. dispar
genes than Rahman genes appear to be downregulated rel-
ative to HM-1:IMSS (58,60). A number of genes are
downregulated in both avirulent cell lines. For instance, of
32 genes with lower mRNA expression in Rahman, 29
also showed lower expression in E. dispar (60). The follow-
ing sections describe some of the genes identified by these
studies as potentially important virulence factors.
Genes involved in survival and virulence in the intestine
Experimental infections of mouse intestines induced differ-
ential expression (twofold or greater) of 523 genes: 326 on
day 1 post-infection, 109 on day 29 post-infection and 88
at both time points (59). The authors speculated that an
initial stress response associated with adaptation to the
new environment might partly explain the large number of
genes differentially regulated early in infection. Among
putative virulence factors showing differential expression
were cysteine proteases and members of the galactose- and
N-acetyl-D-galactosamine-binding lectin (Gal ⁄GalNAc–lec-
tin) complex on the parasite surface (16).
An important process in amoebic virulence is the degra-
dation of the mucus layer, which enables the trophozoites
to reach the gut epithelial layer (Figure 2). Trophozoites
release cysteine proteases to degrade the main component
of the mucus barrier, MUC2. Different members of the
cysteine protease gene family are expressed in culture and
in mouse intestine, suggesting that different gene family
members may play unique roles important in different
environments (59). Cysteine protease expression is lower
overall in E. dispar than in E. histolytica (64), indicating
their role in virulence, and CP-A5 (gene ID, EHI_168240),
a key protease for the degradation of the MUC2 polymer
(17,65,66), is a pseudogene in E. dispar (67). However,
CP-A5 showed no statistically significant differential
expression between E. histolytica HM-1:IMSS and
Rahman. CP-A4 (EHI_050570), CP-A6 (EHI_151440) and
CP-B1 (EHI_117650) were expressed to a greater degree in
HM-1:IMSS, whereas CP-A3 (EHI_159610), CP-A7
(EHI_039610) and CP-B9 (EHI_181230) were greater in
Rahman (58). Numerous cysteine protease genes (e.g.
EHI_127470, EHI_019390, EHI_144040 and EHI_132640)
are pseudogenes in the E. histolytica genome, and this,
along with their divergence from E. dispar orthologues
(64), suggests a degree of evolutionary plasticity in this
gene family.
Trophozoites bind to the mucus layer and to epithelial
cells via the Gal ⁄GalNAc–lectin complex (16). Two genes
encoding light subunits in the Gal ⁄GalNAc lectin – lgl2
(EHI_049690) and lgl3 (EHI_027800) – were downregulat-
ed to different degrees during the course of intestinal
infection (59). The importance of the downregulation of
lgl3 in invasive infection was supported by transcriptional
analysis showing 22-fold higher expression in the nonviru-
lent Rahman strain, compared with HM-1:IMSS (58).
Other molecules involved in binding to host cells include
the E. histolytica serine-, threonine- and isoleucine-rich
proteins (EhSTIRP) (68). These proteins are encoded by a
small gene family in E. histolytica (EHI_012330,
EHI_004340 and EHI_025700).
Surviving host responses to invasive amoebiasis
Nitric oxide and ROS released by neutrophils, macrophag-
es, monocytes and dendritic cells constitute a major threat
to the trophozoites, which they can counteract by the
actions of a number of molecules expressed on their sur-
faces: peroxiredoxin, superoxide dismutase (SOD) and
NADPH:flavin oxidoreductase (27–29,31). SOD generates
H2O2 in the presence of O2
), NADPH:flavin oxidoreduc-
tase catalyses the reduction of O2 to H2O2, and peroxire-
doxin reduces the H2O2 from both pathways to H2O (69).
Fe-hydrogenase, which, in bacteria, is involved in survival
of oxidative stress (30), is also expressed by the trophozo-
ites (58). Large numbers of genes show differential regula-
tion in response to oxidative and nitrosative stress, and
there is a substantial overlap in the genes involved in these
responses. HM-1:IMSS shows a more robust response to
stress than Rahman, with more genes differentially regu-
lated overall and to a greater degree (61).
Peroxiredoxin is more highly expressed in E. histolytica
HM-1:IMSS than in Rahman according to analyses of
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protein (29) and mRNA (60) expression. Furthermore, it
is downregulated in E. dispar relative to E. histolytica
HM-1:IMSS (28,60). In E. histolytica HM-1:IMSS, perox-
iredoxin is expressed on the surface where it is co-localised
with the Gal ⁄GalNAc lectin, possibly to degrade ROS
released from bound immune cells (28). In contrast,
expression in E. dispar is restricted to the cytoplasm,
suggesting an inability of E. dispar to survive the oxidative
burst that would be inflicted upon it following host inva-
sion. E. histolytica peroxiredoxin sequences are highly
divergent from their E. dispar orthologues (63). The cur-
rent E. histolytica genome annotation contains a number
of putative peroxiredoxin genes (EHI_001420, EHI_061980,
EHI_114010, EHI_122310, EHI_123390, EHI_201250,
EHI_145840, EHI_018740, EHI_183180 and EHI_084260)
and pseudogenes (EHI_121620, EHI_139570 and
EHI_172720). Whether all of these genes are real, func-
tional and expressed remains to be determined. If so, it is
possible that gene copy number variations between strains
and species of Entamoeba affect overall gene expression
levels.
Involvement of other putative oxidative stress response
genes in virulence is less clear. Fe-hydrogenase
(EHI_073390) is more highly expressed in E. histolytica
HM-1:IMSS than in E. dispar, suggesting a role in viru-
lence, yet within E. histolytica, it is more highly expressed
in Rahman than HM-1:IMSS (58,60). SOD (EHI_159160)
is also more highly expressed in E. histolytica Rahman
than in HM-1:IMSS (29). SOD does appear to play a role
in oxidative stress resistance: increased expression of SOD
and peroxiredoxin is associated with metronidazole resis-
tance, implying an involvement in detoxification of nitro-
gen-based free radicals generated by metronidazole
activation (70,71).
Immunoglobulins binding to amoebic surface proteins
can disrupt trophozoite cell functions, block adhesion to
host receptors and activate the complement pathway. The
parasite can avoid these outcomes by cysteine protease-
mediated clipping of bound antibodies and complement
(72,73) and by shedding the bound antibodies from its
surface. Binding of host antibodies to amoebic surface
antigens induces actin- and myosin-mediated redistribution
to a membranous posterior appendage of the cell, the
‘uroid’, where this ‘cap’ is shed mostly as membrane-
bound vesicles (34,35,74). A rhomboid protease involved
in shedding surface proteins, EhROM1 (EHI_197460), was
identified by searching the E. histolytica genome sequence
for motifs conserved across known rhomboid proteases
(75). EhROM1 specifically cleaves the heavy chain subunit
of the Gal ⁄GalNAc lectin and localises to the uroid (75).
However, EhROM1 knock-down mutants showed no sig-
nificant change in cap formation or complement resis-
tance, but did show reduced ability to adhere to host cells
and reduced phagocytic ability (76), suggesting a novel
role for this protein (75,76). Proteomic analysis of uroid-
extruded vesicles identified several surface-linked proteins,
in addition to the Gal ⁄GalNAc lectin, that are apparently
capped and discarded, implying that they are involved in
host–amoeba interactions. These included calreticulin, a
multifunctional antigen with a notable involvement in cal-
cium signalling, and the variable surface antigen M17
(77).
A number of proteins with uncertain functions show dif-
ferential expression between E. histolytica HM-1:IMSS and
the noninvasive Rahman and E. dispar (29,59). Grainin-1
was upregulated in E. histolytica Rahman, and grainin-2
was upregulated in both nonvirulent cell lines. The
sequences of both grainins contain at least one metal-ligat-
ing EH-hand motif, commonly seen in proteins that bind
calcium. Both genes are upregulated in culture in response
to inducers of programmed cell death (PCD), and a stress-
response role diminishing intracellular Ca2+ was suggested
(78), as was a role in calcium-dependent endocytosis and
granular exocytosis, aiding pathology (79). Lower levels of
expression of both genes in mouse intestines, and of grainin
1 in ALA samples, were seen relative to in vitro cultures,
possibly owing to higher stress levels in in vitro conditions
(36,59). In the current genome assembly, seven putative
grainin genes are annotated: grainin 1 (EHI_167300) is rel-
atively divergent from its nearest paralogues (EHI_120360,
71% amino acid identity; EHI_060380, 57% identity); grai-
nin 2 (EHI_167310) has a shorter, near-identical, paralogue
(EHI_111720); both are relatively divergent from their
nearest paralogues (EHI_164430, EHI_164440, both 56%
amino acid identity).
A LIM domain-containing protein (EHI_096420) was
more highly expressed in E. histolytica HM-1:IMSS than
in Rahman or E. dispar (29,54). Its function is not known,
but it has been shown to localise to the plasma membrane
and to bind to the actin cytoskeleton via its LIM domain
(80). Alcohol dehydrogenase 3 (ADH3) was more highly
expressed in HM-1:IMSS relative to Rahman and E. dis-
par (29,54). ADH3 (EHI_125950 and EHI_198760) is
expressed at greater levels on the cell surface of
HM-1:IMSS than E. dispar and, when overexpressed in
HM-1:IMSS and Rahman cells, increased host inflamma-
tory response, although no definite role in virulence was
determined (54). ADH2 (EHI_024240, EHI_150490 and
EHI_160940) was more highly expressed in HM-1:IMSS
than in E. dispar (54). ADH2 is associated with the cell
membrane and is involved in iron scavenging from the
host’s transferrin (81).
Trophozoites can phagocytose host epithelial cells, ery-
throcytes and immune cells. Phagocytosis is modulated by
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the motor protein myosin IB, which cross-links actin fila-
ments, to restructure the amoebic cytoskeleton as neces-
sary (82). Proteomic analysis, by liquid chromatography
and tandem mass spectroscopy (LC-MS ⁄MS), of phago-
some proteins allows identification of proteins differen-
tially expressed over time and in different conditions. In
wild-type E. histolytica HM-1:IMSS and a strain overex-
pressing myosin IB (MyoIB+), approximately 1000 pro-
teins were identified overall. Of these, about 150 proteins
present in the early phagosome were associated with the
cytoskeleton (including actin, coactosin and talin), were
signalling molecules (including PI3-K and Ras GAP) or
were involved in intracellular trafficking (including calreti-
culin). Of those associated with the cytoskeleton, seven
proteins were functionally linked to myosin IB, demonstra-
ble by their expression in detectable levels in MyoIB+ only
(83). Also in HM-1:IMSS, of 159 phagosomal proteins
detected, 51 were constitutively expressed, whilst the
remaining 108 showed differential expression across the
monitored 2-h period. Those constitutively expressed
included CP-A5, actin and the Gal ⁄GalNAc lectin. The
more numerous transient proteins included many Rab
GTPases and several of the Rac cytoskeletal proteins,
reflecting the necessary fluidity of the cytoskeleton in the
phagocytic process. The same study reported inter-strain
variation in expressed E. histolytica phagosome proteins,
suggesting a role in differential virulence (84).
Virulence factors involved in amoebic liver abscess
Death from amoebiasis results mainly from the formation
of abscesses on the liver after trophozoites escape the gut,
so understanding the molecular basis of abscess formation
is of considerable interest. Comparisons of the transcripto-
mes of E. histolytica trophozoites axenically cultured in vitro
with those isolated from liver abscesses using differential
display PCR (DD-PCR) identified small numbers of genes
differentially expressed between the two (36,56). Among
these were genes encoding grainin-1, a flavoprotein, a
GTP-binding protein and ribosomal proteins (36,56).
A cell line derived from HM-1:IMSS (‘HM1A’), which
has lost the ability to cause ALA, has been compared to
virulent HM-1:IMSS (‘HM1B’) at both proteomic and
transcriptomic levels (57,62). Eighty-seven genes showed
twofold or greater differential (mRNA) expression between
HM1A (47 genes upregulated) and HM1B (40 genes
upregulated) (57). Thirty-one proteins showed 2.3-fold or
greater differential protein expression between HM1A (21
upregulated) and HM1B (10 upregulated) (62). Only two
genes, Fe-hydrogenase-2 (EHI_005060) and a C2-domain-
containing protein (EHI_069320), were found differentially
expressed (upregulated in HM1A) at both the proteomic
and the transcriptomic levels. Despite using the same
microarray, little overlap was seen in the transcripts down-
regulated in HM-1:IMSS clone A and in Rahman, relative
to HM-1:IMSS clone B (57,58). Only 1 gene was signifi-
cantly downregulated in both Rahman and avirulent
HM-1:IMSS, and of the 152 transcripts upregulated in
E. histolytica HM-1:IMSS relative to Rahman, only five
were also significantly upregulated in the pathogenic
HM-1:IMSS clone B relative to clone A. Two of these five
genes encoded AIG1-like proteins. AIG1 proteins are
small GTPases originally identified in Arabidopsis thaliana
(85) where they confer resistance to bacterial infections.
AIG1-like proteins are encoded by a large gene family in
E. histolytica (57,59) and may be involved in bacterial
interactions. This lack of overlap suggests that the nature
of avirulence in Rahman and HM-1:IMSS clone A may be
quite different.
Another investigation comparing virulent and avirulent
lines derived from the E. histolytica HM-1:IMSS strain
compared mRNA expression in 1130 genes and showed
downregulation (>twofold, P<0.05) of 21 genes and upreg-
ulation of 29 genes in the virulent line (86). Among the
upregulated genes in the virulent line were the surface
antigen ariel-1, which has been shown to be absent from
E. dispar (87), and several lysine-rich proteins (‘KRiPs’)
and lysine- and glutamic acid-rich proteins (‘KERPs’).
Gene knock-down of KERP1 using antisense RNA
reduced the formation of liver abscesses (86).
None of these studies identified the virulence factor
amoebapore-A (AP-A; EHI_159480). The amoebapore’s
role in pathogenesis has been demonstrated in hamster
and severe combined immunodeficient (SCID) mouse liv-
ers (88,89). AP-A appeared to be essential for ALA for-
mation in hamsters, but suppression in the mouse model
did not completely prevent ALA, suggesting that other
processes are important in ALA formation. AP-A is
inserted into host plasma membranes, without the need to
bind to a host receptor, upon direct contact between a tro-
phozoite and a host cell (90), forming pores and lysing the
host cell (91). Amoebapores also have a bacteriolytic func-
tion, being able to lyse gram-positive bacteria (88,90).
Characterising candidate virulence factors
Characterisation of gene function has proven difficult in
Entamoeba as gene knock-outs have not been achieved.
There has, however, been some success with transcriptional
gene silencing and, more recently, with RNAi-mediated
gene knock-down (92–94). The gene encoding AP-A has
been silenced in some, although not all, cell lines, using
what was originally designed to be a putative overexpres-
sion vector. The mechanism of silencing is not known for
certain, although involvement of a short interspersed
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element (SINE) and of tRNA repeat arrays in the vector
have been proposed (95,96). The ‘G3’ E. histolytica cells
this silencing mutation gave rise to are virulence attenu-
ated, being impaired in their ability to digest phagocytosed
cells (although not impaired in their ability to phagocytose
them in the first instance) and unable to cause ALA
(88,97). Cell lines that have been silenced for AP-A expres-
sion continued to show AP-A silencing even when selec-
tion for the vector was removed, although in other cases,
silencing has not been integrated permanently into the cell
lineage and future generations have reverted to their wild
type (98). Moreover, additional silencing of genes could be
achieved in this line using a vector with an additional gene
in it. By this method, CP-A5 and Ehlgl were silenced
(99,100). Gene silencing affected multiple members of the
gene families containing the target gene (99), and, interest-
ingly, downregulation of several lgl genes led to upregula-
tion of others, a possible compensatory mechanism.
Silencing of EhLIM-A – the gene encoding a LIM-like
protein – has been achieved in a similar fashion (80).
RNAi-mediated gene knock-down has been achieved using
different methods of administering the siRNA: bacterial
expression of double-stranded RNA followed by either
adding the bacteria to Entamoeba culture or extracting the
dsRNA and soaking Entamoeba trophozoites in them (94),
or addition of vectors expressing short hairpin RNA
(sense and antisense linked by a loop) to the trophozoites
(92). Beta-tubulin, KERP1, URE3-BP, IGl and EhC2A
have been ‘knocked down’ by these methods. Continued
improvement of molecular tools for targeted gene silencing
will help to characterise the roles of specific genes and
gene families in host–parasite interactions.
Concluding Remarks
The genome-scale studies made possible by sequencing of
the E. histolytica genome have greatly improved our
knowledge of the pathogenesis of E. histolytica and identi-
fied many genes that may play important roles in host–
parasite interactions. Comparisons of different strains of
E. histolytica and of the related species E. dispar show dif-
ferences in sequence and in expression that may account
for different virulence profiles. In order for further gen-
ome-scale studies into genetic and gene expression differ-
ences to be successful in the future improved gene
annotation is vital. It is hoped that a model of ‘commu-
nity annotation’ may help rapidly improve and disseminate
information characterising Entamoeba genes. Much work
has yet to be done before we understand the complexities
of Entamoeba virulence. Continual improvement to the
assembly and annotation of Entamoeba genomes is central
to this effort.
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